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Abstract 
 
Schistosomiasis, a neglected tropical parasitic disease caused by the trematode flatworms of the 
genus Schistosoma, affects approximately 200 million people worldwide. Among the five main 
species infecting humans, S. mansoni and S. japonicum are responsible for the majority of hepato-
intestinal schistosomiasis. The pathology of the disease arises when schistosome eggs that are 
lodged in the liver evoke the host’s dominant CD4+ Th2 response, accompanied by the formation 
of granulomas and the onset of hepatic fibrosis.  
 
While the general cellular events leading to the pathogenesis of S. mansoni infection are well 
characterised, the molecular mechanisms regulating the development of S. japonicum egg-induced 
granulomatous pathology need to be better understood. Most of the previous investigations 
regarding the immune responses related to schistosome infection have mainly focused on the 
measurement of cytokines at a systemic level or whole intact tissue. These approaches may not fully 
represent the more localised physiological events that are associated with the formation of hepatic 
granulomas arising from schistosome eggs.  
 
In this thesis, a new approach, laser microdissection microscopy in conjunction with microarray 
analyses was employed, to examine the local cellular and molecular mechanisms occurring in the 
microenvironment of S. japonicum egg-induced hepatic granulomas. My findings revealed that 
genes associated with type-1, type-2, and type-17 immunological responses were up-regulated in 
the granuloma core and an increased transcriptional expression of type-2 and fibrotic genes were 
detected at the outer zones of granulomas. Furthermore, neutrophil markers were found to be up-
regulated in the core and at the periphery of granulomas. The localisation of neutrophils at these 
two different locations suggests distinct biological functions with those residing in the core 
involved in the secretion of pro-inflammatory cytokines and chemokines which eventually leads to 
local inflammation, while neutrophils recruited to the periphery of granuloma potentially 
responsible for collagen reabsorption and tissue repair. The release of neutrophil extracellular traps 
(NETs) was also detected in the core of granulomas, and also in in vitro assays when S. japonicum 
eggs were incubated with human neutrophils.             
  
In view of the significant role of neutrophils in the pathogenesis of S. japonicum infection, this led 
to the further investigation into the biology of neutrophils and their interaction with S. japonicum 
eggs. Results showed that both S. japonicum eggs and soluble egg antigen (SEA)-stimulated 
neutrophils triggered the release of NETs; however NETs in this in vitro assay did not kill 
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schistosome eggs. The formation of NETs was not detected when neutrophils were stimulated with 
the excretory/secretory egg products. Egg-stimulated neutrophils showed an increased 
transcriptional expression of pro-inflammatory cytokines IL-1α, IL-1β, and IL-8 as well as 
chemokines CCL3, CCL4, and CXCL2 at 4 hours post stimulation. Egg- and SEA-stimulated 
neutrophils as well released mitochondrial DNA, which in turn induced the release of matrix 
metalloproteinase 9 (MMP-9), a protease released by neutrophils during inflammation. Taken 
together, I have demonstrated that S. japonicum eggs served as a more potent stimulator than SEA, 
in inducing this novel inflammatory phenotype of neutrophils. These observations appeared to be 
specific to S. japonicum eggs with the related S. mansoni failing to induce NET formation. 
 
To expand and contrast previous findings regarding the progression of granulomatous pathology, 
transcriptional mechanisms involved in the regression of granuloma and the subsequent liver 
regeneration were also studied. Murine models with S. japonicum-infections were administered 
with praziquantel to clear the active infection and examine the cellular events associated with 
recovery of the liver. Praziquantel treatment significantly reduced the size of spleens, granuloma 
area, and the collagen content of the liver, which returned to near normal levels. The numbers of 
neutrophils, eosinophils, and macrophages infiltrating the liver were as well decreased. Gene 
expression changes occurring post treatment were determined using a comprehensive transcriptomic 
approach. Findings of the recovering liver included the up-regulation of genes associated with 
xenobiotic and fatty acid metabolism, when compared to non-treated livers. PPAR-α, a major 
regulator of lipid metabolism, was identified as the major upstream regulator in the recovering liver, 
and correlated closely with up-regulated fatty acid metabolic genes. Genes related to the aryl 
hydrocarbon receptor (AhR) signalling pathway, which are involved primarily in the regulation of 
hepatic enzymes responsible for xenobiotic metabolism, were significantly up-regulated. Together 
these findings indicate that schistosome-induced hepatic fibrogenesis is reversible, and significantly 
enhances our understanding of the mechanisms associated with the repair processes occurring in the 
liver. 
 
The findings presented in this thesis present a greatly improved understanding of the cellular and 
molecular mechanisms regulating the development of hepatic granulomas, and the subsequent liver 
regeneration process. This situation closely mirrors the clinical situation of infection, cure and 
recovery. My data also highlights a significant role for neutrophils in S. japonicum infection, and 
provide further insights into their dual function in the mediation of inflammation and tissue 
reabsorption. As a whole, these findings offer insights into the understanding of other clinically 
significant fibrotic-related disease, where neutrophil-dominated inflammation is a common feature. 
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CHAPTER 1: LITERATURE REVIEW 
 
1. INTRODUCTION 
Schistosomiasis is a chronic helminthic disease of humans, affecting approximately 200 million 
people in over 74 countries [1, 2]. Schistosomes are blood flukes and digenetic trematode parasites 
of the genus Schistosoma. Human schistosomiasis is caused by infection with one of five species of 
schistosomes: Schistosoma mansoni, S. japonicum, S. haematobium, S. intercalatum, and S. 
mekongi, with the first three species of the greatest clinical and socio-economic importance. All of 
the five species, with the exception of S. haematobium, cause hepatosplenic and intestinal 
schistosomiasis, in which the parasitic worms inhabit the mesenteric veins. S. haematobium, by 
contrast, resides in the venous plexuses of the urinary bladder and causes urogenital schistosomiasis 
[2, 3]. All schistosome species give rise to heavy infections in terms of high egg shedding and their 
strain differences lead to differing degree of pathology in infected individuals.  
 
Transmission of the disease is closely tied to local fresh water sources, which serve as important 
habitats for the intermediate snail hosts. The implementation of industrial, agricultural and water 
development schemes over the past decades have been linked to increases in infection risk within 
schistosomiasis endemic areas [4]. Human settlements near fresh water sites that lack proper 
sanitary systems often contribute to the transmission of disease. This risk particularly impacts on 
travelers or immigrants who come into contact with the larvae-contaminated water. To address this 
problem, good sanitation practices ought to be applied to control infection. 
 
This literature review discusses the basic features of schistosomiasis, which includes their 
geographical distribution, the life cycle of schistosomes, clinical manifestation, diagnosis, 
treatment, and the preventive measures available for the control of this disease. The underlying 
immunopathogenesis, host immune response, immune cells and their associated chemokines 
contributing to the onset of schistosomiasis are also covered in this chapter. This review also 
highlights the differences observed in the granulomatous pathology induced by S. mansoni and S. 
japonicum.  
 
2. GEOGRAPHICAL DISTRIBUTION 
S. mansoni is endemic in sub-Saharan Africa, the Arabian Peninsula, Middle East and in South 
America, particularly in Brazil (Figure 1). S. mansoni infection is transmitted through the 
intermediate snail host Biomphalaria glabrata (Figure 2), and is the most widely distributed 
disease, when compared with the other schistosome species. Infection associated with S. mansoni 
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causes hepatic and intestinal schistosomiasis in Africa and South America [1]. Schistosomiasis 
caused by S. japonicum is prevalent in some parts of China, the Philippines, and Indonesia. The 
larvae of S. japonicum infect snails of specific species within the genus Oncomelania and they 
infect not only human but also 40 other mammalian species including water buffalos [3, 5, 6]. 
S. haematobium, the second major species prevalent mainly in Middle East and most of the African 
continent, causes urinary schistosomiasis and cancer of the urinary bladder. S. haematobium uses an 
intermediate snail host of the genus Bulinus [2, 3]. The other two less-prevalent species, 
S. intercalatum and S. mekongi, are found predominantly in West Africa and Southeast Asia 
(Cambodia and Laos) [7], and the infection is transmitted via the intermediate snail host of the 
genera Bulinus and Neotricula [8, 9], respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Global distribution of schistosomiasis [1]. 
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Figure 2: The intermediate snail host of schistosomes [10]. From left: Bulinus truncatus 
truncatus (S. haematobium), Biomphalaria glabrata (S. mansoni), and Oncomelania hupensis 
hupensis (S. japonicum). 
 
3. LIFE CYCLE OF SCHISTOSOMES 
Schistosomes have a complex life cycle that includes seven discrete stages: egg, miracidium, 
mother sporocyst, daughter sporocyst, cercariae, schistosomula and adult worm (Figure 3). 
Schistosome eggs are excreted from the urine (urinary schistosomiasis) or faeces (intestinal 
schistosomiasis) of the infected vetebrate host into the external environment. On contact with fresh 
water, the eggs hatch and release free-swimming miracidia. These ciliated larvae search for and 
penetrate specific species of fresh water snails which serves as the intermediate host for the parasite. 
The miracidia reproduce asexually inside the snails producing initially a mother and subsequently 
multiple daughter sporocysts. Each daughter sporocyst then produces multiple cercariae. Infection 
occurs when the free swimming cercariae are released from the snails into fresh water environment 
and in turn penetrate the skin of a mammalian (definitive) host. Once inside a mammalian host, the 
cercariae shed their bifurcated tails and transform into schistosomula that migrate to the lungs via 
blood or lymphatic vessels. Within the lungs, the transformed schistosomulum develop into juvenile 
worms that migrate to the portal venous system where they sexually mature and mate. These worm 
pairs eventually travel to their ultimate destination, which is the superior mesenteric veins 
(S. mansoni), inferior and superior hemorrhoidal veins (S. japonicum), or the vesical plexus and 
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veins draining the urinary bladder (S. haematobium). Egg produced by the female worms after four 
to six weeks post infection pass into the lumen of the intestines and bladder, where they are 
discharged with the faeces (S. mansoni and S. japonicum) or urine (S. haematobium) [1, 3]. Eggs 
that are not released eventually become lodged in the host organs such as liver, intestines or bladder, 
and induce the formation of granulomas which contribute to the pathology of schistosomiasis [11]. 
 
Figure 3: The life cycle of S. japonicum [5]. The life cycle of schistosomes begin when the eggs 
excreted through faces or urine are released into the environment. Upon contact with fresh water, 
the eggs release miracidia, which penetrates the intermediate host snails to become sporocysts. The 
sporocysts reproduce asexually and release free-swimming cercariae, which in turn infect the 
mammalian host. The cercariae then transform into schistosomula and migrate to the lung to 
become juvenile worms. These juvenile worms again migrate to the portal venous system, where 
they mate and mature into adult worms. The female worms produce eggs following four to six 
weeks infection and the life cycle continues. 
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4. CLINICAL DISEASE 
4.1 Acute Schistosomiasis 
Acute schistosomiasis is generally characterized by the pathologies, such as cercarial dermatitis and 
Katayama Fever. Cercarial dermatitis refers to short-term antibody mediated hypersensitivity 
reaction at the infected skin corresponding to the penetrating cercariae, with the symptoms 
appearing as an itchy urticarial rash that forms within several hours of exposure to cercarial-
contaminated water and may persist for days especially after primary infection. Cercarial dermatitis 
is common and usually seen among migrants or visitors travelled to endemic areas [1, 2]. 
 
Katayama Fever, on the other hand, refers to a systemic hypersensitivity reaction provoked in an 
infected host directed against migrating schistosomula and initial egg deposition. The majority of 
cases present symptoms between 14 to 84 days after the naïve individuals are exposed to primary 
schistosome infection or a heavy re-infection [12-14]. Patients are generally diagnosed with rapid 
fever, fatigue, myalgia, malaise, non-productive cough, eosinophilia with patchy infiltrates showing 
on chest radiography, while some develop more serious disease with weight loss, diarrhea, and 
hepatosplenomegaly [1]. Katayama fever is common among travelers accidentally infected with 
S. mansoni and S. haematobium, but is rarely seen among chronically exposed populations [12, 15, 
16]. This acute form of disease is severe in S. japonicum infections, occurs frequently in endemic 
areas, and eventually develops into chronic fibrosis and portal hypertension [1, 17]. 
 
4.2 Chronic schistosomiasis 
Chronic schistosomiasis occurs when the antigenic secretion of deposited eggs in host tissues 
evokes the host immune response [18]. The main lesions involved in chronic infection are not 
related directly to the adult worms but is caused by the eggs that are trapped in the host organs, 
leading to the granulofibrotic responses. The outcome of chronic disease depends on the intensity of 
infection and the host immune response [2]. 
 
Granulomas develop at the site of eggs deposition, such as in the intestines and liver for S. mansoni 
and S. japonicum infection, or in the genitourinary tract in the case of S. haematobium infection [2]. 
Schistosome eggs that lodge in the intestinal wall induce granulomatous responses within the 
intestinal mucosa, leading to pseudopolyposis, microulceration and superficial bleeding [19, 20]. 
Abdominal pain, loss of appetite and diarrhea are the common symptoms presented during intestinal 
schistosomiasis [20, 21]. Diarrhea is common and correlates with the incidence of schistosomiasis 
in schoolchildren within China [22]. Blood in the faeces is also usual for this form of 
schistosomiasis [2]. Hepatic schistosomiasis begins with the deposition of eggs in the portal vein 
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leading to pre-sinusoidal inflammation and periportal fibrosis. The obstruction of blood flow in the 
portal vein leads to the development of portal hypertension, splenomegaly, portacaval shunting and 
eventually causes the bleeding of oesophageal varices which may be fatal [1, 2, 23]. The liver is not 
usually enlarged but is hard upon palpation [1]. Hepatic fibrosis due to S. mansoni infection may 
take 5 to 15 years, whereas in schistosomiasis japonica, its progression is more rapid [6, 20, 24]. 
Schistosomiasis haematobia caused by the accumulation of eggs in the wall of ureters leads to 
fibrosis and calcification of the urinary bladder. Common early indications of urinary 
schistosomiasis include dysuria, pollakisuria, proteinuria and haematuria [21]. Hematuria is often 
the first sign of the disease, which appears 10 to 12 weeks after infection [2], and the damage of 
parenchymal and renal failure are usually the clinical manifestation presented at the chronic stage of 
urinary schistosomiasis [1]. There is also an emerging evidence linking S. haematobium infection 
with the development of squamous cell carcinoma of the bladder seen particularly in Egypt and 
Africa [1, 25]. 
 
5. DIAGNOSIS AND TREATMENT OF SCHISTOSOMIASIS 
Schistosomiasis is usually diagnosed by testing urine and faecal samples for the presence of 
schistosome eggs through microscopic examination [26]. The excreta should be concentrated by 
sedimentation, centrifugation, or filtration methods to maximize the detection of eggs [27]. The 
biopsy of bladder or rectal mucosa may be required for further diagnosis if patients present with 
typical symptoms of schistosomiasis but return negative urine or faecal specimen results [2]. Other 
than these, antibody-based assays to detect the presence of circulating IgG, IgM, or IgE against 
soluble worm or egg antigens are also promising techniques used to diagnose infection [1]. 
Although this type of test is more sensitive than the traditional egg examination method, its use is 
also limited as the antibodies may cross-react with other helminth infections, and persist in the 
blood after full parasitological cure [2]. In clinical settings, radiography is used to visualise renal 
and bladder pathology, whereas cystoscopy and endoscopy are used to detect oesophageal varices 
[28, 29]. In addition, cytokeratin 18 [30, 31] and chitinase 3-like 1 [32] were recently reported to be 
potential markers for the diagnosis of human hepatosplenic and urogenital schistosomiasis, 
respectively.  
 
Current schistosomiasis control programs involve the use of the drug called praziquantel (PZQ), 
which is effective against all schistosome species by causing damage to the tegument and 
paralysing the worms within one hour of drug exposure [33]. The standard PZQ dose commonly 
used to treat patients suffering from schistosomiasis is 40 mg/kg, whereas a higher dose of 60 
mg/kg is needed for infection associated with S. japonicum [2]. Previous reports have shown that in 
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regions such as Egypt or Kenya, where extensive use of PZQ has been employed, a concern about 
the possible emergence of PZQ-resistance is apparent [34, 35]. Other than the use of PZQ, 
oxamniquine is another alternative therapy widely used in Brazil to treat schistosomiasis. However, 
this drug has limited use as it is only effective against S. mansoni infection [36]. In addition, 
artemisinin derivatives also possess action against the immature stages of S. mansoni and S. 
japonicum unlike praziquantel [37]. Artemether, one of the derivatives of artemisinin, was shown to 
kill schistosomula during their first 21 days in the host body [38]. The combined treatment of 
artemether and PZQ was reported previously to produce a synergistic killing effect of adult S. 
japonicum worms [39]. 
 
As drug treatment does not prevent re-infection [35], in recent years, vaccines have been suggested 
as another potential prophylactic approach to control schistosomiasis, and as a mean for long-term 
prevention of this disease. The “gold standard” for an ideal anti-schistosome vaccine should lead to  
reduction in worm burden and/or parasite fecundity [3]. Most vaccine candidates believed to induce 
a protective immune response target the antigens exposed on the surface membrane of the migrating 
schistosomulum [40]. To date, only one promising vaccine antigen from S. haematobium, the 28-
kDa Glutathione S-Transferase (GST), has entered clinical trials [41]. Some of the major vaccine 
candidates that have been discovered in the last 10 years, which showed promising efficacy for S. 
mansoni, include tetraspanins, GST, and paramyosin [42]. As bovines (cattle and water buffaloes) 
are the main reservoir hosts for S. japonicum in China, the development of a protective veterinary 
vaccine is also essential to reduce zoonotic and human transmission [43].  
 
6. SCHISTOSOMIASIS-INDUCED PATHOLOGY 
The formation of granulomas is a dynamic process that involves the accumulation of immune cells 
at the site of antigen release, leading to the confinement of the eliciting agent [11]. Granulomas are 
composed of a tightly clustered macrophage population, including epithelioid and multinucleate 
giant cells, and are often surrounded by a ring of lymphocytes [44]. Granulomatous disorders can 
arise both in infectious and non-infectious diseases, with gastrointestinal and hepatic granulomas 
being the most common clinical presentations. The initiation, development, and regression of 
granulomas are mediated by the communication of cytokines and chemokines, leading to the 
recruitment of inflammatory cells towards the antigenic stimuli [44].  
 
The pathology of schistosomiasis results from the eggs that inevitably become lodged in host tissue, 
particularly the liver and intestine. Because of the continuous antigenic stimulation from the trapped 
ova, inflammatory and immune cells are sequentially recruited to the sites of infection, leading to 
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the formation of periovular granulomas and eventually chronic fibrosis in some infected 
individuals. This inflammatory response is associated with a dominant CD4+ T cell-dependent 
immune response, with interleukin (IL)-4 and IL-13 being the main cytokines driving this reaction 
[45]. 
 
7. GRANULOMAS ARISING FROM SCHISTOSOMIASIS 
In schistosomiasis, egg-induced granulomatous lesions are found in the liver, intestines, lungs, 
bladder, brain, skin, adrenal glands, skeletal muscle, lymph nodes, spleen, kidney, and stomach [2, 
6]. In the case of S. mansoni and S. japonicum infection, the principal site of granuloma formation 
is around the eggs that are lodged in the presinuisoidal capillary venules of the liver. These 
granulomas give rise to severe fibrosis which disrupts blood flow through the liver, causing portal 
hypertension and portacaval shunting, which may lead to potentially fatal esophageal bleeding [1, 
2]. The intestines, another site for egg deposition, are characterised by a mucosal granulomatous 
response, leading to pseudopolyposis, microulceration, and superficial bleeding [1]. In 
schistosomiasis haematobia, egg deposition occurs primarily in the urinary bladder and results in 
urinary bladder calcification, which eventually leads to dysuria, pollakisuria, proteinuria, and 
haematuria [1] and subsequently to the development of bladder cancer or renal failure later in life 
[46]. The mortality rate due to end-stage renal disease during S. haematobium infection exceeds that 
resulting from haematemesis in individuals infected with S. mansoni [46].  
 
Schistosome egg-induced granulomas develop through two major stages, the pre-granulomatous 
and granulomatous stages [47, 48]. The pre-granulomatous stage is characterised by the 
disorganised aggregation of cells, whereas the granulomatous stages are associated with a more 
clearly delineated structure. Lesion development starts with the infiltration of monocytes and 
eosinophils around the eggs. This early phase is followed by the recruitment of fibroblasts, leading 
to the production of extracellular matrix and collagen fibres that form an additional layer at the 
outer zone of the granuloma. Following the death of the miracidium within the egg, the granuloma 
structure disintegrates and calcifies, and this is associated with a reduction in the inflammatory 
response. During the final stages of the response, the granuloma is significantly reduced in size and 
contains only pigmented macrophages [48-50]. The continuous deposition of eggs at this later stage, 
nevertheless, triggers the formation of new granulomas. Representative images of hepatic 
granulomas at different developmental stages in murine S. japonicum infection are shown in Figure 
1. 
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Figure 1. Representative histology of S. japonicum-induced granuloma in C57BL/6 mice at 
increasing time-points. (A) Eggs (arrow) begin to lodge in the host liver at 4 weeks post-infection 
(p.i.) with only minimal cellular infiltration. (B) At 6 weeks p.i., the eggs are surrounded by a dense 
population of immune cells, followed by a band of fibrovascular tissue leading to the formation of a 
mature granuloma. (C) Granulomas continue to increase in volume at 10 weeks p.i., which is 
delineated by a dense population of lymphocytes at the outer rim. (D) During the later stages (13 
weeks p.i.) granulomas reduce in volume, often accompanied by the presence of dark-brown 
pigmented macrophages and calcified parasite eggs. Formalin-fixed, paraffin-embedded liver 
sections stained with hematoxylin and eosin. Scale bars, 100 µm.  
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Although their formation is deleterious to the infected host, these schistosome egg driven 
granulomas also play an important host-protecting role, particularly during S. mansoni infections 
[51]. Antigenic secretions from the eggs need to be contained and neutralised because they contain 
potently cytotoxic agents. Granuloma formation indirectly restricts these cytotoxic products from 
damaging the adjacent hepatocytes [11]. In addition, granulomas also serve to preserve gut integrity 
and prevent subsequent bacterial invasion during schistosome infection [52, 53]. However, 
particular cell populations within the granuloma produce substances, such as lysozyme, β-
glucuronidase, and several proteases that damage surrounding tissue [54]. Furthermore, 
macrophages isolated from hepatic granuloma produce compounds such as prostaglandins, 
leukotrienes and free radicals, which are potentially destructive to host tissues [55]. Granuloma 
formation therefore needs to be tightly regulated so as to limit the severity of the resulting disease. 
 
The cellular composition of the granuloma in schistosomiasis is schistosome species-, host-, and 
location-specific. Both CBA and C3H mice develop a high level of pathology due to  
schistosomiasis, whereas that occurring in schistosome-infected BALB/c and C57BL/6 mice is less 
severe [56]. Granulomas formed in the latter mice are mostly smaller in size and are better confined, 
whereas those developed in the high-pathology mice are larger and more poorly confined [56]. 
Variations in the cellular composition of granulomas are also evident in murine models infected 
with different schistosome species. S. japonicum egg-induced granulomas consist predominantly of 
neutrophils, whereas those of S. mansoni are composed mainly of eosinophils, mononuclear cells 
and lower numbers of neutrophils [47, 57]. Differences in cellular constituents between hepatic and 
colonic granulomas have also been described, with the former having more T lymphocytes, 
eosinophils, and mast cells [11, 58]. Colonic granulomas, in addition, consist mainly of 
macrophages and present much less collagen deposition [11, 58]. In contrast to the mouse model of 
S. japonicum, Hurst and colleagues [59] reported that neutrophils were uncommon in the hepatic 
granulomas formed in S. japonicum-infected pigs.   
 
8. THE HOST IMMUNE RESPONSE IN SCHISTOSOMIASIS 
Experimental models of hepatic schistosomiasis clearly illustrate the involvement of a CD4+ T 
helper (Th) cell response in the progression of the disease. A Th1 response is initiated at the early 
acute stages of infection and is directed against the migrating schistosomula and immature adult 
worms. This response is characterised by an increased expression of the Th1 proinflammatory 
cytokines, IL-1, IL-12, tumour necrosis factor (TNF)-α, and interferon (IFN)-γ [45, 60, 61]. The 
immune response switches to a pronounced Th2 response at 6 to 8 weeks post-infection (p.i.) 
following the onset of egg deposition. This Th2 response is characterised by production of high 
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levels of Th2 cytokines such as IL-4, IL-5, IL-10, IL-13 and the synthesis of immunoglobulin E 
(IgE) [60]. As the infection progresses to a more chronic stage, general down modulation of the Th2 
response is observed at 12 weeks p.i., together with a reduction in the size of newly formed 
granulomas. This immunomodulation might be driven by IL-10 and TGF-β, which induce T 
regulatory cells (Tregs) that regulate the balance of Th1/Th2 responses [62-64]. 
 
Th17 responses have been linked with severe hepatic inflammation in schistosomiasis [65-68]. The 
exact role of Th17 cells in regulating granulomatous pathology, however, remains unclear. Wen and 
colleagues [65] reported the detection of Th17 cells in the S. japonicum-infected liver, suggesting 
that S. japonicum egg antigens are able to induce directly or indirectly a Th17 response. These 
authors also showed that increased levels of Th17 cell populations correlated with more severe 
pathology. In addition, IL-17 neutralisation in the S. japonicum-infected C57BL/6 mouse model led 
to decreased granulomatous inflammation and reduced expression of proinflammatory cytokines 
and chemokines [69]. Similarly, the exacerbation of granulomatous lesions in S. mansoni-infected 
CBA mice was directed by a Th17 response, indicating that Th17 cells drive severe pathology [66, 
67]. Understanding the underlying mechanisms of Th17 pathways in this process is thus essential to 
decipher the factors resulting in severe tissue lesions. 
 
Apart from the commonly known Th2 response that predominates during later-stage 
schistosomiasis, humoral immunity has also been implicated in this disease, although the details of 
this response are limited. S. japonicum-induced hepatic granulomas in pigs were characterised by 
IgG+ plasma cells [70], and B cells were present within the granulomas, in similar fashion to that 
observed in the mice [71]. A further study showed that B cell-deficient mice developed significantly 
smaller hepatic granulomas during the early stage of S. japonicum infection, indicating a 
contributory role for B cells in granulomatous pathology [71]. By contrast, the blockade of IL-10R, 
a receptor essential for plasma cell development during chronic schistosomiasis mansoni, leads to 
the loss of B cells and, together with the shunting of eggs, results in the development of severe 
pulmonary pathology [72]. In view of these contrasting findings, more studies are necessary to 
define more precisely the molecular function of B cells in schistosome-induced pathology. 
 
The modulation of the immune response that is essential to promote host survival during 
schistosome infection can be achieved by multiple mechanisms, one of which is via IL-10. 
CD4+CD25+ Tregs [61-63] and B cells [73] are known sources of IL-10, a key regulator of the 
egg-induced granulofibrotic response during schistosomiasis. Studies with IL-10-deficient mice 
indicate that IL-10-producing Tregs regulate pathology by controlling both type 1 and type 2 
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cytokine production during S. mansoni infection [62, 74]. The suppressive properties of Tregs in 
this setting were further confirmed when these cells were shown to prevent the development of a 
Th1 response and limit the excessive effector function of Th2 immunity [75]. Improved 
understanding of this Treg-mediated suppression would be useful to potentially control the degree 
of immunopathology associated with schistosomiasis. 
 
9. THE ROLE OF IMMUNE CELLS AND THEIR CHEMOKINES IN SCHISTOSOME-
INDUCED PATHOLOGY 
9.1 Eosinophils 
Marked eosinophilia is a common feature of acute schistosomiasis and may even occur before egg 
deposition commences [76]. The S. mansoni egg-induced granuloma contains a high ratio of 
eosinophils to neutrophils [47, 57]. Eosinophils contribute ~70% of the total granuloma cellular 
population at 16 days post-S. mansoni egg injection in mice, reaching much higher levels than other 
non-helminth induced granulomas, whereas neutrophil numbers are less than 10% of the total cell 
population [77].  
 
The migration of eosinophils from the circulation to the inflammatory site of infection is induced 
primarily by the chemokine CCL11 [78]. Under the influence of a Th2 cytokine-biased 
environment, the combination of IL-5 and granulocyte-macrophage colony-stimulating factor (GM-
CSF) contributes to the increase in peripheral blood eosinophils [79, 80]. A family of small 
cytokines responsible for general immune cell migration regulates eosinophil migration to 
inflammatory sites in schistosome infection (Table 1). The increased levels of chemokines CCL2, 
CCL3, CCL4, CCL7, CCL11, and CCL12, and of chemokine receptors CCR1, CCR2, CCR3, and 
CCR4, correlate with the severity of murine schistosomiasis mansoni [81-83]. Among these, CCL3 
and CCL11 showed elevated plasma levels in patients with chronic disease [81, 82, 84]. CCL3-
deficient mice presented decreased hepatic granuloma sizes, and both reduced fibrosis and 
eosinophil peroxidase activity [84]. In addition, reduction of pulmonary granuloma size by ~40% 
was reported using the egg-injection mouse model in conjunction with neutralising antibodies 
against CCL3 [85] and in mice deficient in CCR1, a CCL3 receptor [86]. Granulomatous pathology 
associated with S. mansoni infections, therefore, appears more severe in the presence of the 
chemokine CCL3. Furthermore, a more recent finding [78] revealed a direct correlation between the 
level of CCL3 and the percentage of eosinophils bearing the receptors CCR5 and CXCR3 during 
human schistosomiasis mansoni, expanding further the translational significance of this chemokine 
into the clinical setting.   
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Table 1. Effect of eosinophil-associated chemokines on schistosome-induced granulofibrotic pathology.  
Ligands/Receptors Effect on granulofibrotic pathology Refs 
CCL3/MIP-1α Antibody neutralisation of CCL3 decreased the size of S. mansoni pulmonary granulomas. 
CCL3 levels were elevated in the plasma of a patient with chronic schistosomiasis. 
CCL3-deficient mice exhibited decreased liver granuloma size, liver eosinophil peroxidase activity 
and collagen content during S. mansoni infection. 
[85] 
[81] 
[84] 
CCL5/RANTES CCL5 levels were elevated in the plasma of a patient with chronic schistosomiasis. [81] 
 Negatively regulates granulomatous response and control disease severity. [83] 
CCL7/MCP-3 Contributes to eosinophil recruitment in S. mansoni pulmonary granulomas. [87] 
CCL11/Eotaxin CCL11 levels were elevated in the plasma of a patient with chronic S. mansoni infection. 
 
Elevated CCL11 level and increased eosinophil infiltration in the mouse bladder infected with S. 
haematobium. 
[81] 
[82] 
[88] 
CCL17 Antibody neutralisation of CCL17 decreased both the size of S. mansoni pulmonary granuloma and 
eosinophil infiltration. 
[89] 
CCL22 Antibody neutralisation of CCL22 decreased both the size of S. mansoni pulmonary granuloma and 
eosinophil infiltration. 
[89] 
CCL24 Elevated CCL24 level in sera of patients with S. mansoni infection. [82] 
[78] 
CCR8 CCR8-deficient mice exhibited reduced eosinophilic infiltration in S. mansoni pulmonary granulomas. [90] 
CXCR3 Up-regulated expression on infiltrating eosinophils in S. japonicum hepatic granulomas. [91] 
CXCR4 CXCR4 blockade inhibits eosinophil recruitment in S. mansoni pulmonary granulomas. [92] 
CHAPTER 1 
14 
 
There are several key chemokines and their receptors that are correlated with eosinophil 
accumulation during S. mansoni infection. CCL7, CCL17, and CCL22 contribute to eosinophil 
recruitment in the S. mansoni egg-induced pulmonary granuloma model [87, 89], whereas elevated 
levels of CCL11 associate with eosinophil infiltration in S. haematobium egg-induced bladder 
pathology [88]. Another key chemokine involved in eosinophil chemotaxis is CCL24 [93], whose 
levels were increased in the serum of patients suffering from schistosomal myeloradiculopathy [82]. 
This chemokine is also involved in eosinophil recruitment during clinical schistosomiasis mansoni 
[78]. The receptors that mediate the activity of these ligands include CCR8 and CXCR4. In CCR8-
deficient mice, eosinophil infiltration in S. mansoni pulmonary granulomas was reduced [90] and, 
similarly, the blockage of CXCR4 also led to the inhibition of eosinophil recruitment in the lung 
granuloma model of S. mansoni [92]. CCL5, an eosinophil chemoattractant, on the other hand, 
negatively regulates granulomatous response in experimental schistosomiasis. It appears that CCL5, 
instead of stimulating the recruitment of inflammatory cells, actually induces the migration of 
regulatory cells, and eventually exerts a regulatory response and controls or limits the severity of 
the disease [83]. 
 
Whereas it has been reported that eosinophils play a role in limiting the pathology associated with 
human schistosomiasis mansoni [94], experiments using the established S. mansoni infection model 
in two novel mouse models of eosinophil lineage ablation (DeltadblGATA and TgPHIL) 
demonstrated that eosinophils had no impact on granuloma number, size, or fibrosis  [95]. The 
absence of the high-affinity IgE receptor, FcεRI, on mouse eosinophils [96] may explain this lack of 
eosinophil-related effects in the murine model. As a whole, it is apparent that one way to minimise 
disease progression could be through the regulation of chemokine production, in order to influence 
eosinophil recruitment to the injury site and mediate the pathological outcome. 
 
9.2 Neutrophils 
In 1972, Hsu and colleagues [47] first reported that S. japonicum egg lesions induced stronger 
neutrophilic chemotaxis than those of S. mansoni. Similar findings were also observed by Von 
Lichtenberg et al [57] who reported the frequent occurrence of neutrophils in S. japonicum 
granulomas, whereas a survey of lesions caused by S. mansoni and S. haematobium were found 
rarely to contain neutrophils. The recruitment of neutrophils was also associated with the elevated 
expression of pro-inflammatory chemokines CXCL1 [88] and CXCL2 [69, 97] (Table 2).  
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Table 2. Neutrophil-, HSC- and macrophage-associated chemokines in schistosome-induced immunopathology. 
Ligands/Receptors Effect on granulofibrotic pathology Refs 
Neutrophil Chemokines 
CXCL1 Elevated CXCL1 levels and increased neutrophil infiltration in mouse bladders infected with S. 
haematobium. 
[88] 
CXCL2 Elevated CXCL2 expression was associated with neutrophil infiltration in S. japonicum-infected IL-4 
and IL-13 knockout mice.[ 
[97] 
CXCL1 & CXCL2 IL-17 antibody neutralisation in the S. japonicum infected mouse model was associated with lower 
CXCL1 and CXCL2 expression and reduced neutrophil infiltration. 
[69] 
Hepatic Stellate Cell Chemokines 
CXCL1 Increased gene expression during S. japonicum infection, an indicator of HSC recruitment and 
fibrogenesis. 
[98] 
CCL2/MCP-1 Increased transcriptional levels during S. japonicum infection correlates with peak fibrosis. [99] 
CXCL9 & CXCL10 Inhibits the expression of fibrosis-associated genes in human HSCs stimulated with S. japonicum 
soluble egg antigens. 
[100] 
Macrophage Chemokines 
CCR2 CCR2-deficient mice exhibited reduction in S. mansoni pulmonary granuloma size. [101] 
 CCR2-deficient mice exhibited impaired monocytosis and defective early phase monocyte 
recruitment to granulomas. 
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It has been documented that the eggs of S. mansoni secrete a chemokine-binding protein (smCKBP) 
that is able to bind particular chemokines and influence their biological activity [102]. This 
molecule is also synonymous with the more recently described egg glycoprotein IPSE/alpha-1, 
which plays a role in initiating a Th2 response during S. mansoni infection [103]. This smCKBP 
binds CXCL8, a chemokine involved in neutrophil chemotaxis, and inhibits the infiltration of 
neutrophils in vivo. However, this chemokine binding protein does not block the activity of CCL11, 
one of the eosinophil chemokines [102]. This may likely be one of the factors contribute to why 
S. mansoni-induced granulomas have a higher proportion of eosinophils, and a lower ratio of 
neutrophils, than those due to S. japonicum. A parallel time-course of infection with the two 
schistosome species might shed further light on the reasons for these differences. Furthermore, the 
chemokine-binding properties of the eggs of S. japonicum should also be explored, to determine 
their effect on leukocyte migration. 
 
During S. japonicum infection, neutrophils begin to accumulate around the parasite eggs as early as 
at 8 days post-deposition [104, 105]. In addition, neutrophils reside both in the core, and also at the 
periphery of mature S. japonicum hepatic granulomas [98]. This neutrophil accumulation has been 
linked to hepatic necrosis and liver damage during the acute stage of infection [97]. Despite this 
association with hepatic damage, neutrophil-depleted S. japonicum-infected CBA mice show 
augmented liver granuloma, indicating that neutrophils may actually regulate granuloma 
development [104]. This hypothesis is supported by later findings showing that an earlier 
neutrophilic influx correlates with milder pathology [106]. Most recently it has been shown that 
neutrophils recruited to the granuloma core release proinflammatory cytokines which cause tissue 
damage, whereas neutrophils at the periphery of the granuloma produce granule proteins which can 
degrade collagen, the major component of fibrotic granulomas [107].  
 
It has been also demonstrated, both by in vivo and in vitro observations, that neutrophils within the 
core of S. japonicum hepatic granuloma release neutrophil extracellular traps (NETs) potentially to 
limit the pathogenic effects of parasite eggs [107]. Similar findings have also been reported for 
bacterial [108], fungal [109], other parasitic [110], and viral infections [111]. It is important to 
consider why NETs are released in this setting and what role they play. Are NETs responsible for 
the direct killing of eggs, or are they involved in promoting the recruitment of other leukocytes to 
the lesion? NETs were reported previously to exhibit inflammatory potential [112], and this also 
raises the question whether the release of NETs in vivo during schistosome infection induces 
inflammation. Furthermore, is this specific response beneficial or detrimental to the host? A mouse 
model with blocked functionality of NETs should be employed to elucidate the exact function of 
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NETs in this setting. In contrast to S. japonicum, neutrophil-associated DNA structures were not 
detected in S. mansoni hepatic granulomas [107], presumably due to the low ratio of neutrophils in 
these lesions. Furthermore, NETs were not released when human neutrophils were cocultured with 
S. mansoni eggs [107]. Difference in the glycoproteins present on the surface membrane or in 
antigens secreted from the eggs, might serve as one reason for the differences in the response to the 
two schistosome species.  
 
Together these observations indicate that neutrophils have different functions in schistosome-
induced fibrosis, depending on the time they are recruited, and their location within the 
granulomatous lesion. In addition, egg antigen secretions may play a pivotal role in selectively 
controlling the infiltration of granulocytes, thus causing the differences in the granuloma 
composition and the resulting pathology associated with the different schistosome species (Figure 
2).  
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Figure 2. Distinctive features of schistosome-induced hepatic pathology. (A) The granulomas 
elicited by different schistosome species show distinct cellular compositions. Chemokine-binding 
protein secreted by S. mansoni eggs is capable of binding specific chemokines, and this in turn 
inhibits their action and alters the cellular composition of the granuloma. This chemokine-binding 
protein binds neutrophil chemoattractant CXCL8 and blocks the infiltration of neutrophils to the 
granuloma; however, it does not bind to eosinophil chemoattractant CCL11 and thereby, does not 
inhibit the recruitment of eosinophils [102]. (B) Major cellular populations located within and 
adjacent to the hepatic granuloma induced in either a S. mansoni or S. japonicum infection. The 
core of a S. mansoni-induced hepatic granuloma has a dense population of eosinophils, in contrast 
to that associated with a S. japonicum infection - where the core is composed mainly of neutrophils. 
Abbreviation: HSC, hepatic stellate cell.   
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9.3 Hepatic Stellate Cells (HSCs) 
HSCs are one of the main sources of collagen in the liver and play a crucial role in schistosome-
induced fibrogenesis [113]. Quiescent HSCs primarily function to store vitamin A but, in response 
to liver tissue injury, they are activated and trans-differentiate into myofibroblasts, characterised by 
the production of extracellular matrix (ECM) components rich in fibrillar collagens [114].  
 
The presence of activated HSCs are located at the edges of hepatic granulomas in mice infected 
with S. japonicum, as shown by immunostaining for the HSCs markers, desmin, alpha-smooth 
muscle actin (α-SMA), and glial fibrillary acidic protein (GFAP) [98, 99]. Chemokines associated 
with HSC recruitment, such as CXCL1, CCL7, CCL12 and CCL21, were also upregulated in the 
same model [98]. In human schistosomiasis mansoni, the detection of GFAP-positive cells in the 
liver as well suggests a role for HSCs in pathogenesis [115]. These activated HSCs, localised to the 
granulomas, thus serve as an indicator of collagen deposition in hepatic schistosomiasis. 
 
During schistosome infection, transdifferentiation of HSCs is triggered by IL-13 [116]. S. mansoni 
and S. japonicum eggs can inhibit the differentiation of HSCs into myofibroblasts, with eggs of the 
former possessing the ability to reverse the transdifferentiation or activation process and to return 
HSCs to their quiescent state [117]. By contrast, HSCs co-cultured with S. japonicum eggs showed 
increased transcriptional expression of CCL2, IL-6 and MMP-9, all of which are proinflammatory 
mediators, suggesting that this species has the ability to induce the proinflammatory phenotype of 
HSCs [118]. This indicates that both host and parasite-derived factors influence the activation of 
HSCs. The contrasting observations in S. mansoni and S. japonicum may explain the differences in 
pathologies associated between the two species. 
 
Several studies have highlighted the role of chemokines and their receptors in HSC migration and 
activation, in both acute and chronic liver disease [119, 120]. Liver cell populations such as HSCs, 
hepatocytes, Kupffer cells, and sinuisoidal endothelial cells all secrete chemokines in response to 
liver injury. These chemokines, in turn, promote the infiltration of leukocytes to the liver [121, 
122]. Activated HSCs are capable of producing CCL2, CCL3, CCL4, CXCL1, CXCL2, and 
CXCL10 following liver injury [123]. Among these, CCL2 [99] and CXCL1 [98] showed increased 
transcriptional levels during S. japonicum infection. CCL2 is reportedly involved in mediating HSC 
chemotaxis in cholestactic liver disease [124]. CCR1, CXCR4, and CXCR7 were all consistently 
highly expressed in HSCs during the acute and chronic phase of schistosomiasis japonica [100]. 
CXCL9 and CXCL10 suppressed the expression of fibrosis-associated genes in human HSCs 
stimulated with S. japonicum egg antigens, suggesting an anti-fibrotic role for these chemokines in 
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schistosomiasis [100]. It is thus of utmost importance to consider the activation of HSCs and their 
local chemokine milieu in the injured liver to aid the resolution of hepatic fibrosis. 
 
9.4 Macrophages 
Macrophages can be grouped into two major subsets based on their effector function, designated as 
either “classically” or “alternatively” activated. Classically activated macrophages (CAMs) are 
induced upon stimulation with Th1-associated cytokines such as IFN-γ, TNF-α, or IL-12, further 
promoting the hydrolysis of L-arginine into nitric oxide (NO) and citrulline by the action of 
inducible nitric oxide synthase (iNOS) [125]. Alternatively activated macrophages (AAMs) are 
produced upon stimulation with Th2-associated cytokines, namely IL-4 and IL-13. Mouse AAMs 
express arginase-1 (Arg1), Ym-1, and Fizz-1/RELM-α, which induce the conversion of L-arginine 
into proline, an amino acid essential for the synthesis of collagen [125, 126].  
 
Macrophages constitute ~30% of S. mansoni egg-induced liver granulomas [127], whereas 
information on the population of macrophages in granulomas due to S. japonicum is limited. Upon 
liver injury, liver-resident cells such as HSCs, Kupffer cells, endothelial cells, and hepatocytes 
actively secrete CCL2 that mediates the recruitment of monocytes and macrophages via receptor 
CCR2. These infiltrating macrophages are involved in the subsequent inflammation and removal of 
necrotic cells from the liver [101, 121, 122]. Because egg deposition in the liver promotes the 
development of a Th2 response, macrophages in the schistosome-induced granulomas are 
postulated to be of an alternatively activated phenotype. This hypothesis is supported by the 
observed upregulation of AAM markers such as Arg1, Ym-1, and Fizz-1 that are highly upregulated 
during schistosome infection [128]. The manipulation of the local cytokine environment, thus, 
could control the differentiation of macrophages into either the classical or activated phenotype. 
The schistosome worm-derived product, haemozoin, may play a role in the activation process of 
AAMs though its interaction with the peroxisome proliferator-activated receptors [129]. 
 
Apart from their role in collagen synthesis and fibrosis, macrophages also possess 
immunoregulatory properties during murine schistosome infections. Cheng and colleagues [130] 
found that the expression of Toll-like receptors (TLRs), Interferon (IFN) and major 
histocompatibility complex (MHC) related genes by spleen-derived macrophages from S. 
japonicum infection are suppressed after egg deposition begins in the host. In addition, rapid 
metabolism of L-arginine (a substrate required during the proliferation of T and B cells) by AAMs 
results in the starvation of lymphocytes, and indirectly limits Th2 responses [131]. This observation 
was confirmed when macrophages with specific deletions of Arg1 failed to inhibit in vitro T cell 
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proliferation, and mice deficient in Arg1-expressing macrophages showed increased granulomatous 
pathology and liver fibrosis following S. mansoni infection [132], indicating a role for AAMs in 
limiting immune-mediated damage. Furthermore, a recent finding demonstrated that macrophages 
have elevated gene expression and protein levels of IL-13Rα2 in a S. japonicum infection [133]. IL-
13Rα2, a putative decoy receptor that inhibits IL-13 signaling [61], also plays an important role in 
the downmodulation of the granulomatous response in S. mansoni infection given that IL-13Rα2-
deficient mice develop more severe hepatic fibrosis [134]. Thus, both Arg1- and IL-13Rα2-
expressing macrophages may play a modulatory role in schistosome-induced fibrosis. 
 
In addition to the role that AAMs play in suppressing schistosome-induced fibrosis, there is 
emerging evidence that macrophages are also involved in fibrosis resolution [135]. Macrophage 
depletion during the recovery phases of carbon tetrachloride (CCl4)-induced liver fibrosis leads to 
impaired matrix degradation [136], and reduced expression of matrix metalloproteinase 13 
(MMP13) [137]. MMP13-deficient mice in this disease model were later shown to have reduced 
fibrosis resolution [137], indicating a role for MMP13 in the mediation of matrix protein resorption 
in the resolving liver, and that macrophages are the main source of MMP13 secretion. Moreover, 
macrophages produce MMP9 which induces apoptosis of HSCs [138]. Macrophages in the 
cholestatic liver model were also shown to promote the influx of neutrophils, another collagenase-
producing cell, for the degradation of matrix proteins [139]. Gene transcription of AAM markers 
such as chitinase 3-like 3 (Chi3l3), resistin-like gamma (Retnlg), and macrophage galactose-type C-
type lectin 1 (Mgl1) were upregulated in the core and periphery of S. japonicum-induced hepatic 
granulomas [107], in a similar pattern as the infiltrated neutrophil population in the granulomatous 
lesion. This may suggest that macrophages located at the periphery of granulomas have matrix-
degrading properties, and that they might also promote the recruitment of neutrophils to this 
location, thereby leading to the remodelling of scar tissues.  
 
10. CONCLUDING REMARKS 
The differing granulomatous pathology arising from diverse schistosome species appears tightly 
connected to the action of chemokines, which in turn control the migration of immune cells to the 
site of infection. The focus on both S. mansoni- and S. japonicum-induced pathologies has advanced 
our understanding of the basic immunopathogenic mechanisms of schistosomiasis. Additional 
information on the other very important but less studied species, S. haematobium, will be necessary 
to comprehend fully the similarities or differences in pathology between all of the clinically relevant 
schistosomes (Box 1). The therapeutic potential of both the neutrophil- and macrophage-dependent 
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resolution of schistosome-induced fibrosis should also be considered in the future because these 
could serve as alternatives in fibrotic therapy, which, ultimately, may lead to the reversal of fibrosis. 
 
11. SUMMARY OF THE PROJECT OBJECTIVES 
 
Goals and objectives of these studies were: 
i) To characterise the cellular and molecular features driving the development of egg-induced 
hepatic granuloma during the pathogenesis of S. japonicum infection (Chapter 2). 
 
ii) To characterise the biological role of neutrophils and their interaction with the eggs of S. 
japonicum (Chapter 3). 
 
iii) To identify the cellular and transcriptional profiles during the recovery phase of hepatic 
schistosomiasis (Chapter 4). 
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1. ABSTRACT 
The severity of schistosome egg-induced hepatic granulomatous pathology depends markedly on 
the nature of the host immune responses. In this study, we utilised laser microdissection microscopy 
and microarray analysis to compare gene expression profiles of histologically distinct zones within, 
and directly proximal to, hepatic granulomas that developed in C57BL/6 mice infected with 
S. japonicum. There was significant up-regulation of type-1, type-2 and type-17 immune associated 
genes within the granuloma core (adjacent to eggs) followed by increased expression of type-2 and 
fibrotic genes at the outer zones of granulomas. Neutrophil-associated genes were also found to be 
differentially expressed both in the core, and at the peripheral zone of granulomas present at 7 
weeks post infection, demonstrating a significant role of neutrophils in S. japonicum granulomatous 
pathology. The release of neutrophil extracellular traps (NETs) was observed microscopically in 
granulomas obtained from the livers of infected mice and when human neutrophils were incubated 
in vitro in the presence of S. japonicum eggs. These finding are the first to suggest a novel dual role 
for neutrophils in the mediation of tissue damage and repair in S. japonicum egg-induced hepatic 
granulomatous lesions. Together these results provide an overview of the local events occurring 
within the granuloma microenvironment. 
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2. INTRODUCTION 
Schistosomiasis is a chronic parasitic helminth disease of humans. Caused by digenean trematodes 
of the genus Schistosoma, the disease affects approximately 200 million people [1]. Infections with 
different schistosome species leads to differing degrees of pathology, with those caused by 
Schistosoma japonicum producing the most severe form of hepatic disease, attributed primarily to 
the high daily egg output of the adult parasites [2]. The egg, which lodge in the liver, initiate a 
granulomatous response that eventually leads to chronic fibrosis. The overall fibrotic process is 
regulated by a CD4+ Th2 cell-dependent mechanism, and is tightly controlled by host intercellular 
signaling mechanism, with IL-4 and IL-13 the main cytokines that drive this dominant Th2 
responses [3].  
 
In contrast to S. mansoni infection, neutrophils are known to play a major role in the disease caused 
by S. japonicum [4, 5] but their precise mechanistic role in promoting or limiting hepatic pathology 
remain unclear. We have previously demonstrated that neutrophils are localised within both the core 
(adjacent to parasite eggs) and the periphery of mature granulomas produced by S. japonicum [6]. 
While we have shown that neutrophils are associated not only with lesser pathology in BALB/c 
compared with CBA mice [7], but paradoxically others have shown them to be associated with 
enhanced hepatocyte damage [8]. These apparent contradictory findings suggest that neutrophils 
may have multiple roles in schistosomiasis japonica, depending on the time they are recruited and 
their location within the granulomatous lesion. 
 
Hepatic responses following schistosome eggs deposition in murine models are complicated and a 
study of immune response using whole intact tissues or organs may not fully reflect the highly 
localised spatial and temporal pathophysiological events that take place within the 
microenvironment of a granuloma. To address this issue, we describe here the first application of 
laser microdissection microscopy (LMM) in the transcriptional study of histologically distinct 
regions attributed to schistosome-induced granulomas. LMM is a tool that enables the isolation of 
specific individual cells or cell populations from histological sections without the risk of 
contaminating the tissue sample with surrounding unwanted cells [9]. The extracted sample may be 
subsequently subjected to downstream molecular applications such as genomic, transcriptomic and 
proteomic analyses to gain insight into molecular activity of tissue microenvironments collected in 
situ. This will provide a better understanding as to how in vivo egg antigens interact with cell and 
help dissect the mechanisms that regulate different aspects of granuloma formation.  
 
In this paper, LMM was employed, in conjunction with microarray analysis, to compare the gene 
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expressional profile of zones within and adjacent to hepatic granulomas as they form during a 
S. japonicum infection in C57BL/6 mice. Our identification of the key differentially expressed 
genes involved in this process shed further light on the local molecular and cellular events occurring 
within granulomas during the course of the infection. 
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3. MATERIALS AND METHODS 
3.1 Ethics Statement 
The conducts and procedures involving animal or human experiments were approved by the 
Animals Ethics Committee (P288) or Human Research Ethics Committee (P443) of the Queensland 
Institute of Medical Research. For the collection of blood from human donors written informed 
consent was obtained. This study was performed in strict accordance with the recommendations in 
the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. 
 
3.2 Sample Preparation 
Four to six week old female C57BL/6 mice were infected percutaneously with 20 ± 1 S. japonicum 
cercariae (Chinese mainland, Anhui population) and euthanised at 4, 6 and 7 weeks post-infection 
(p.i.) to obtain their livers (n=5 per group), and the portal vein perfused to obtain adult worms. 
Three additional mice were used as uninfected controls. Livers were transferred immediately into 
Tissue-Tek Optimal Cutting Temperature compound (OCT), snapped frozen on dry ice and stored 
at -80ºC until cryosectioned. A small lobe of the liver was excised separately and fixed in 10% (v/v) 
formalin overnight at 4ºC for the processing of paraffin embedded blocks for histopathology 
analysis.  
 
3.3 Histopathology 
Formalin-fixed, paraffin-embedded liver tissues from non-infected controls and mice infected at 4, 
6 and 7 weeks p.i. were sectioned and stained with hematoxylin and eosin (H&E) to assess basic 
granuloma histopathology. Leder staining was performed to demonstrate neutrophil infiltration [7]. 
All slides were digitised using the Aperio Slide Scanner (Aperio Technologies, Vista, USA). A 
rabbit polyclonal anti-mouse neutrophil elastase primary antibody (Abcam, Cambridge, UK) and a 
secondary Alexa Fluor 594 goat anti-rabbit IgG antibody (Life Technologies, California, USA) 
were employed for the detection of neutrophil elastase expression. Counterstaining with 4',6-
diamidino-2-phenylindole (DAPI) was used to visualise nuclear and extracellular DNA. Similar 
histology was undertaken on liver tissue from a S. mansoni infection [10]. 
 
3.4 Laser Microdissection Microscopy  
Frozen sections (7 μm) were mounted onto sterilised RNase-free 0.17 mm polyethylene-
naphthalene membrane covered slides (Carl Zeiss Microimaging, Bernried, Germany) and stored at 
-80ºC prior to microdissection. Thawed cryosections were fixed in Carnoy’s Fixative for 1 minute, 
stained with hematoxylin for 2 minutes, quick-rinsed in DEPC-treated water, followed by staining 
with 1% (w/v) Eosin Y for 1 minute. The sections were then dehydrated sequentially in 70%, 95% 
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and 100% ethanol. A PALM MicroBeam Laser Catapult Microscope (Carl Zeiss Microimaging) 
was used to microdissect the granulomas from the stained liver sections using a x40 microdissection 
objective lens. The CloseCut and AutoLPC mode in PALMRobo 2.2.2 software was used to laser-
cut and catapult the selected tissues into a 500 μl opaque adhesive cap (Carl Zeiss Mircoimaging) 
for subsequent processing. Caps containing the microdissected materials were stored at -80ºC until 
used. 
 
3.5 Microdissection Strategy 
Defined zones of granuloma growth were selected for microdissection based on comprehensive 
analysis of S. japonicum hepatic granuloma spatial evolution in C57BL/6 mice. The early 
granulomas present at 4 weeks p.i. were smaller and did not show specific zonal patterning; 
consequently, the whole granuloma at this time-point was microdissected. The surrounding liver 
tissues outside the region of the granuloma present at 4 weeks p.i. were microdissected separately to 
examine cell infiltration. Granulomas in livers of mice euthanised at 6 and 7 weeks p.i. displayed 
typical patterns of a core (zone 1) consisting of tightly packed cells surrounded by a band of 
fibrogenic cells and collagen fibres (zone 2). This layer was in turn surrounded by an additional 
layer of infiltrative cells (zone 3) at 7 weeks p.i. An area of approximately eight million μm2 was 
microdissected separately from each of these defined zones. For control samples, the entire non-
infected liver section was microdissected, representing an area similar to that of microdissected 
granulomas, thereby presenting the full transcriptional repertoire of the uninfected liver. 
Experiments were carried out using multiple pooled dissection samples from multiple liver sections 
of a single mouse liver, repeated separately from two mice for each time point. Mice were selected 
for each time point based on similar parasitological parameters such as hepatic egg burden and 
granuloma volume density, as outlined previously [6].  
 
3.6 Total RNA Extraction 
Total RNAs from all microdissected samples were extracted using Trizol and a RNeasy Micro Kit 
(Qiagen, Valencia, USA) following the manufacturer’s instructions. Total RNA quantity was 
measured using a Nanodrop-1000 spectrophotometer and RNA quality was assessed using an 
Agilent Bioanalyzer (Agilent Technologies, Foster City, USA). 
 
3.7 Microarray Analysis 
3.7.1 cRNA Synthesis and Whole Genome Microarray Hybridisation 
Complementary RNA (cRNA) was synthesised from total RNA for each sample using Illumina 
Total Prep RNA Amplication kit (Ambion, Austin, USA). Biotin-labelled cRNA was hybridised to 
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Illumina Mouse Ref-8 Version 2 whole genome expression arrays, which were then scanned using 
an Illumina BeadStation (Illumina, San Diego, USA). All gene expression data have been submitted 
to NCBI’s Gene Expression Omnibus and are publicly available (Series Accession Number 
GSE41941). 
 
3.7.2 Feature Extraction & Data Analysis 
Quality control of microarray data involved the checking of signal intensity histograms of 
hybridisation efficiency and experimental noise using GenomeStudio (Illumina). All subsequent 
analysis was performed using GeneSpring GX Version 11 and expression data were normalised to 
the median of all samples. Gene lists were first normalised to uninfected controls and filtered for 
significant signal based on the detection score of d≥0.95 (which equates to a confidence value of 
p≤0.05). One-Way Analysis of Variance (ANOVA) with Benjamini and Hochberg correction for 
multiple testing was then used to identify genes differentially expressed (p≤0.05) over the entire 
time-course. A cut off of ± 2 fold changes in expression over time in at least one of the samples was 
applied [6]. The filtered microarray data provided the basis for ranking of genes derived from fold 
changes and significance values. Gene ontology analysis was then performed using GeneSpring.  
 
3.7.3 DAVID Analysis 
DAVID (Database for Annotation, Visualization and Integrated Discovery) functional analysis was 
used to identify biological processes and molecular functions that were over-represented by the 
differentially expressed genes [11]. Functional annotation clustering was performed to identify 
biological processes and molecular functions that share similar gene subsets (Supplementary Table 
1) and the related KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway generated 
(Supplementary Figure 1). 
 
3.8 Real Time PCR 
Complementary DNA (cDNA) was synthesised from total RNA using a Quantitect Reverse 
Transcription kit (Qiagen, Valencia, USA) and cDNA concentrations were quantified using a 
Nanodrop-1000 spectrophotometer. Real time PCR was performed to validate a subset of 
microarray data. Primers for qRT-PCR were sourced from the literature [6, 7, 12-14] or designed 
using Primer 3 software (Supplementary Table 2). Real-time data were normalised to the 
housekeeping gene, Hypoxanthine Phosphoribosyltranferase (HPRT), as previously reported [15]. 
Real time PCR was performed using SYBR Green master mix (Applied Biosystems, Warrington, 
UK) on a Corbett Rotor Gene 6000 (Corbett Life Sciences, Concorde, Australia).  
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3.9 Statistical Analyses 
Statistical analysis of microarray data was performed using GeneSpring GX Version 11 as 
described above. The correlation between the microarray data and real time PCR was determined 
using GraphPad Prism Version 5 [16]. The D’Agostino & Pearson Omnibus normality test and the 
Shapiro-Wilk normality test were used to assess the distribution of the data. As the data did not fit 
to normal distributions, Spearman’s correlation was performed as previously reported [6, 17, 18]. 
 
3.10 Isolation of Viable Schistosoma Eggs 
Four to six week old female Swiss mice were infected with 60 cercariae of S. japonicum (Chinese 
mainland, Anhui population) or the Puerto Rican strain of S. mansoni and euthanised at 7 weeks p.i. 
The eggs of both schistosome species were isolated from infected livers essentially as previously 
described [19] with the only modification being the use of 250 µm and 150 µm sieves. Isolated eggs 
were shown to be lipopolysaccharide (LPS)-free by the Limulus Amebocyte Lysate (LAL 
PYROGENT Plus Single Tests 0.06 EU/ml) assay (Lonza, Basel, Switzerland) and stored at 4
o
C 
until use. 
 
3.11 Isolation of Human Neutrophils 
Human neutrophils were isolated from the blood of healthy donors by density gradient 
centrifugation using EDTA as an anticoagulant [20]. Fresh blood was gently layered on 
Polymorphprep (Axis-Shield, Norway) and centrifuged at 500 g for 40 minutes at 20
o
C. The 
interphase layer containing neutrophils was removed and washed with 1X PBS. Following the 
complete lysis of erythrocytes, the purified neutrophil population was resuspended gently in 500 µL 
RPMI medium containing 2% (v/v) heat inactivated plasma. Neutrophils were then counted using a 
haemocytometer. According to manufacturer’s protocol, neutrophil isolation technique using 
Polymorphprep solution usually contains approximately 2 to 6% of contaminating erythrocytes; 
however, this method is proven to be effective for peripheral blood neutrophil isolation as it would 
provide at least 94% purified level of neutrophil population [21].  
 
3.12 Neutrophil Extracellular Trap (NET) Visualisation 
The stimulation of NET formation by activated neutrophils was performed as described [22]. 
Neutrophils were seeded onto round glass cover slips in 24-well tissue culture plates at a 
concentration of 2 x 10
5
 cells per well. Cells were incubated for 1 h at 37
o
C in 5% CO2 to allow the 
cells to adhere onto the cover slip. Cells were then incubated for 4 h at 37
o
C in 5% CO2 in the 
presence of 600 nM PMA (Phorbol 12-myristate 13-acetate), as positive control, 500 S. japonicum 
eggs, 500 S. mansoni eggs or glass beads that mimic the size of schistosome eggs (50-100 µm). 
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Cells were subsequently fixed with 4% (w/v) paraformaldehyde in PBS for 15 min, washed 3X (5 
min each) with PBS, and blocked with 2% (w/v) bovine serum albumin (BSA) solution. The cells 
were then incubated with a rabbit polyclonal anti-human neutrophil elastase primary antibody 
(1:100 dilution) (Abcam, Cambridge, UK), followed by incubation with a secondary Alexa Fluor 
594 goat anti-rabbit IgG antibody (Life Technologies, California, USA), each for 1 hour at 37
o
C. 
Cells were then counterstained with 4',6-diamidino-2-phenylindole (DAPI) at a concentration of 1.5 
µg/mL (Vector Laboratories, Burlingame, USA) and visualised by fluorescent microscopy. This 
method was duplicated using independent isolations of both schistosome eggs and human 
neutrophils (from two individual donors). 
 
3.13 Data Access 
All gene expression data have been submitted to NCBI’s Gene Expression Omnibus and are 
publicly available (Series accession number GSE 41941). 
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4. RESULTS 
4.1 Parasitological Observations 
There were no significant differences in the number of adult worms perfused from infected mice at 
any time-point. However, as expected, hepatic egg burden increased significantly from 4 weeks p.i., 
as did the granuloma volume and the extent of fibrosis determined by collagen staining, as shown 
previously by others [6]. 
 
4.2 Histopathology and LMM  
To examine the molecular events within the hepatic granuloma microenvironment, we applied 
LMM to microdissect distinct regions of the granulomas. Those formed at 4 weeks p.i. were small 
and exhibited minimal infiltration of lymphocytes and macrophages with limited numbers of 
neutrophils surrounding the eggs (Figure 1A). As the granulomas present at 4 weeks p.i. had not 
developed the zonal pattern typical of later infections, these whole immature granulomas were 
microdissected at this time-point (Figure 2G, arrow). Further, liver tissue without the evidence of 
infiltrating cells outside the region of the granulomas at this time-point was as well microdissected 
(Figure 2G, arrow head). At 6 and 7 weeks p.i. (Figure 1B, C), granulomas were larger and 
comprised two to three distinct concentric zones, which were then microdissected separately for 
further analysis. These zones were characterised by the central egg(s), surrounded by a dense 
population of neutrophils (Zone 1, Figure 2B, H, D, J), a population of lymphocytes and 
macrophages lying within a band of proliferating fibrovascular tissue (Zone 2; Figure 2C, I, E, K), 
and, at 7 weeks, an additional outer layer of cells at the periphery of the granuloma containing a 
generalised population of infiltrating lymphocytes and plasma cells (Zone 3; Figure 2F, L). 
Uninfected livers, on the other hand, are mostly composed of hepatocytes, Kupffer cells, and 
hepatic stellate cells (Figure not shown).  
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Figure 1. Development of S. japonicum-induced hepatic granulomas in C57BL/6 mice. 
Granulomas present at 4 weeks post infection (p.i.) (A) were immature and exhibited minimal 
infiltration of lymphocytes and macrophages with small numbers of neutrophils surrounding the 
eggs (arrow). Granulomas present at 6 and 7 weeks p.i. (B and C) were larger and were composed 
of eggs, surrounded by a dense population of neutrophils. This layer in turn is rimmed by a 
population of lymphocytes and macrophages within a band of proliferating fibrovascular tissue. (C) 
At 7 weeks there was an additional infiltration of cells at the outermost margin of the granuloma 
containing a generalised population of lymphocytes and plasma cells (arrow). Formalin fixed, 
paraffin embedded liver sections stained with Hematoxylin and Eosin; original scale bars, 100 μm. 
 
 
Figure 2. LMM of S. japonicum-induced hepatic granulomas from C57BL/6 mice. 
Representative liver sections stained with Haematoxylin and Eosin, before (Top panels; A, B, C, D, 
E, F) and after microdissection (Bottom panels; G, H, I, J, K, L). (G) shows the microdissection of 
a whole immature granuloma (arrow) present at 4 weeks p.i and the surrounding liver tissue 
(arrowhead). (H) and (I) show the microdissection of the core (H - zone 1) and the outer layer (I - 
zone 2) of granulomas present at 6 weeks p.i. (J), (K) and (L) show respectively the microdissection 
of the core (J - zone 1), the middle zone (K - zone 2) and the periphery zone (L - zone 3) of 
granulomas present at 7 weeks p.i. Original scale bars, 100 μm. 
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4.3 Microarray Analysis 
4.3.1 Microarray data filtration and functional annotation analysis 
Normalisation and filtering on the basis of detection score reduced the 25,697 genes on the Illumina 
microarray to a dataset of 9,457 genes. Of these, 3,708 genes showed a significant change in 
expression over time with a ± 2-fold change in at least one individual sample at each time-point (1-
Way Anova; p≤0.05). Biological processes and molecular functions associated with these gene-lists 
are shown (Supplementary Table 1). KEGG pathway analysis showed the involvement of leukocyte 
transendothelial migration activity during the process of liver inflammation (Supplementary Figure 
1). Biological replicates employed in this study showed a high correlation analysis coefficient of 
0.8-0.9 between samples, indicating minimal transcriptional variation and similar pathological 
outcomes (Data not shown).  
 
4.3.2 Early response involved in the initiation of granuloma formation at 4 weeks p.i. 
Genes significantly up-regulated more than 2 fold (p≤0.05) within the entire granuloma at 4 weeks 
p.i compared with uninfected liver included the type-2 chemokine (CCL7), the fibrosis-associated 
genes Matrix Metalloproteinases-3 and -12 (MMP3, MMP12), and Neutrophil Elastase 2 (ELA2) 
(Tables 1-3), an enzyme secreted by inflammatory neutrophils [23]. Expression of these genes 
likely reflects the initiation of the hepatic granulomatous response and the recruitment and 
infiltration of neutrophils and macrophages as demonstrated by histology (Figure 1A).  
 
4.3.3 Genes differentially regulated within the core of granulomas present at 6-7 weeks p.i. 
Consistent with the large population of neutrophils within the core of granulomas at 6-7 weeks p.i., 
the majority of differentially up-regulated genes were associated with acute inflammation, innate 
responses and type-1, type-2 and type-17 responses.  
 
Serum Amyloid A3 (SAA3), a gene indicative of acute-phase inflammation, was significantly up-
regulated within the granuloma core at 6-7 weeks p.i. (Table 1). Type-1 associated genes Tumor 
Necrosis Factor (TNF), Interleukin 1 Alpha (IL-1α), Chemokine CCL4 and CXCL2 also showed 
significant up-regulation over time and exhibited the highest transcriptional level within the core at 
7 weeks p.i. (Table 1). These type-1 genes were significantly up-regulated only within the core, 
with declining gene expression towards the outer zones of granulomas.  
 
A number of type-17 associated genes, including Interleukin 1 Beta (IL-1β), Interleukin 6 (IL-6), 
Interleukin 7 Receptor (IL-7R) and Interleukin 23 Alpha (IL-23α) were up-regulated to a 
significantly greater extent compared with uninfected liver particularly in the core of granulomas 
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over the course of infection (Table 1). CCL3, a chemokine that induces type-2 responses [24], was 
also up-regulated significantly in the core, showed increasing expression until 7 weeks p.i. (Table 
1). 
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Table 1. Key up-regulated genes in the core (zone 1) of hepatic granulomas present at 4, 6 and 7 weeks post-infection.
a 
 
 
Relative Expression 
 
4 Weeks   6 Weeks   7 Weeks   
Gene Description 
Gene 
Symbol 
Gra Sur   
Zone 
1 
Zone 
2 
  
Zone 
1 
Zone 
2 
Zone 
3 
Probe ID 
Acute Inflammatory Genes 
          
  
Serum Amyloid A3 SAA3 1.5 1.6 
 
48.3 27.5 
 
147.1 74.5 4.8 ILMN_2772632 
Type-1 Genes 
           
Tumor Necrosis Factor TNF 1.9 1.6 
 
4.2 1.8 
 
5.7 1.7 1.2 ILMN_2899863 
Interleukin 1, Alpha (IL-1α) IL-1α 2.0 1.6 
 
5.7 1.6 
 
6.1 1.4 1.0 ILMN_1227018 
Chemokine (C-C motif) Ligand 4 CCL4 1.8 1.6  62.6 2.9  169.1 11.2 1.9 
ILMN_1224472 
  
ILMN_1223257 
Chemokine (C-X-C motif) Ligand 2 CXCL2 1.7 1.5 
 
38.1 2.2 
 
58.0 1.9 1.0 ILMN_2811154 
Type-17 Genes 
           
Interleukin 23, Alpha IL-23α 1.6 1.5 
 
2.2 1.6 
 
2.4 1.2 1.0 ILMN_2671320 
Interleukin 6 IL-6 1.9 1.6 
 
2.2 2.3 
 
2.8 3.6 1.1 ILMN_1243601 
Interleukin 7 Receptor IL-7R 1.7 1.6 
 
4.0 2.0 
 
6.1 3.0 1.8 ILMN_2680827 
Interleukin 1, Beta IL-1β 1.4 1.4 
 
34.6 4.8 
 
63.0 8.3 2.4 ILMN_2777498 
Type-2 Genes 
           
Chemokine (C-C motif) Ligand 3 CCL3 1.8 1.5 
 
25.6 2.0 
 
42.0 3.6 1.4 ILMN_1253919 
Macrophage Marker 
           
Matrix Metallopeptidase 12 MMP12 2.3 1.6   11.4 4.7   30.0 9.7 1.8 ILMN_1250421 
 
aExpression values are presented as fold change relative to uninfected controls and fold values ≥2.0 represent an up-regulated gene. Fold changes were 
averaged for genes represented by two or more probes. Gra = Granuloma, Sur = Surrounding cells. 
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4.3.4 Genes differentially regulated in the outer zones of granulomas present at 6-7 weeks p.i. 
(Zones 2 and 3 – Figure 2) 
Genes differentially up-regulated at the outer zones of granulomas at 6-7 weeks p.i. were 
predominantly associated with type-2 responses and fibrogenesis. Interleukin 33 (IL-33), 
Chemokine CCL7 and CCL11, genes associated with a type-2 response, showed increased 
expression towards the outer zones of granulomas over the course of infection (Table 2). 
 
Similarly, pro-fibrotic genes (COL1A1, COL1A2, COL3A1, COL4A1, COL4A2, COL5A1, 
COL6A1), Matrix Metalloproteinases (MMP2, MMP3, MMP14, MMP23) and Tissue Inhibitor of 
Matrix Metalloproteinases (TIMP1, TIMP2, TIMP3) showed significantly higher proportions of 
gene transcripts, especially at the outer zones of granulomas present at 6-7 weeks p.i., peaking at 7 
weeks p.i.. Additional fibrotic genes such as Connective Tissue Growth Factor (CTGF), 
Transforming Growth Factor, Beta 1 (TGF-β1), Platelet-Derived Growth Factor (PDGF-α, PDGF-
β) and the hepatic stellate cell marker Actin Alpha 2, Smooth Muscle (ACTA2) was also 
significantly increased at the outer zones of granulomas present at 6-7 weeks p.i. (Table 2). 
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Table 2. Up-regulated genes detected in the fibrotic zone (zone 2) of hepatic granulomas present at 6 and 7 weeks vs 4 weeks post-infection.
a
  
 
 
Relative Expression 
 
4 Weeks 
 
6 Weeks 
 
7 Weeks 
 
Gene Description 
Gene 
Symbol 
Gra Sur   
Zone 
1 
Zone 
2 
  
Zone 
1 
Zone 
2 
Zone 
3 
Probe ID 
Type-2 Genes 
           
Interleukin 33 IL-33 1.6 1.2 
 
1.8 4.6 
 
3.7 9.4 2.1 ILMN_1259747 
Chemokine (C-C motif) Ligand 7 CCL7 2.2 1.7 
 
6.3 6.5 
 
7.1 29.1 1.8 ILMN_2835117 
Chemokine (C-C motif) Ligand 11 CCL11 1.9 1.5 
 
2.6 3.5 
 
1.9 16.8 1.4 ILMN_2647757 
Fibrotic Genes 
           
Collagen, Type I, Alpha 1 COL1A1 1.8 1.4 
 
1.7 14.2 
 
2.5 28.3 4.6 ILMN_2687872 
Collagen, Type I, Alpha 2 COL1A2 1.4 1.2 
 
2.0 24.8 
 
4.4 81.8 26.9 ILMN_1253806 
Collagen, Type III, Alpha 1 COL3A1 1.0 1.0 
 
1.6 18.3 
 
4.2 51.4 20.7 ILMN_1258629 
Procollagen, Type IV, Alpha 1 COL4A1 0.5 0.7 
 
0.6 4.0 
 
0.7 11.0 2.5 ILMN_2621643 
Collagen, Type IV, Alpha 2 COL4A2 0.8 0.9 
 
0.9 3.8 
 
1.0 10.9 3.2 ILMN_2822579 
Procollagen, Type V, Alpha 1  COL5A1 1.1 1.2 
 
1.3 15.2 
 
3.1 40.0 4.3 ILMN_2748402 
Procollagen, Type VI, Alpha 1 COL6A1 0.8 1.1  0.7 5.3  0.8 9.9 6.6 
ILMN_2768087 
  
ILMN_1259388 
Matrix Metallopeptidase 2  MMP2 1.1 1.1 
 
1.0 4.2 
 
1.2 17.5 11.8 ILMN_2678218 
Matrix Metallopeptidase 3  MMP3 2.1 1.8 
 
2.2 2.3 
 
2.5 7.1 2.8 ILMN_2899041 
Matrix Metallopeptidase 14 MMP14 0.4 0.8 
 
1.7 4.1 
 
2.4 20.7 3.4 ILMN_1240726 
Matrix Metallopeptidase 23 MMP23 1.7 1.5 
 
1.6 3.1 
 
1.8 6.8 2.9 ILMN_1237364 
Tissue Inhibitor of Metalloproteinase 1 TIMP1 1.9 1.5 
 
11.2 49.4 
 
35.1 115.9 3.5 
ILMN_2769918 
ILMN_3103896 
Tissue Inhibitor of Metalloproteinase 2  TIMP2 0.5 0.6 
 
0.5 1.6 
 
0.6 8.2 4.7 ILMN_2712867 
Tissue Inhibitor of Metalloproteinase 3 TIMP3 0.5 0.6 
 
0.6 1.4 
 
0.9 7.0 2.4 ILMN_2741096 
Actin Alpha 2 Smooth Muscle Aorta ACTA2 1.3 1.5  1.4 6.9  2.9 22.4 3.4 
ILMN_2923445 
  
ILMN_2693895 
CHAPTER 2 
49 
 
Connective Tissue Growth Factor CTGF 0.7 0.8 
 
1.1 2.1 
 
8.4 17.0 4.0 ILMN_2909150 
Transforming Growth Factor, Beta 1 TGF-β1 1.3 1.3 
 
1.9 2.0 
 
1.8 2.8 1.4 ILMN_2711461 
Platelet-Derived Growth Factor, Alpha PDGF-α 0.9 0.8 
 
1.1 1.8 
 
1.5 5.4 1.6 ILMN_2424721 
Platelet-Derived Growth Factor, Beta  PDGF-β 1.54 1.41   1.64 3.57   2.15 6.26 2.55 ILMN_2618714 
 
aExpression values are presented as fold change relative to uninfected controls and fold values ≥2.0 represent an up-regulated gene. Fold changes were 
averaged for genes represented by two or more probes. Gra = Granuloma, Sur = Surrounding cells. 
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The peripheral zone (Zone 3) of granulomas at 7 weeks pi was characterised by expression of 
neutrophil-associated genes at similar or higher levels to that observed in the core (zone 1) of the 
same granulomas (Table 3). Among these, S100A8 and S100A9, molecules specifically involved in 
inducing neutrophil chemotaxis [25], demonstrated the greatest increase (200-fold) in the core and 
at the peripheral zone, in the same neutrophil-rich regions we have shown previously by 
immunohistochemistry [6]. 
 
Expression of other neutrophil markers, (e.g SLPi, LTF, NGP, ELA2 and MMP9) was significantly 
higher at the periphery (Zone 3) than in the core (Zone 1).  
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Table 3. Up-regulated neutrophil markers in S. japonicum induced hepatic granulomas present at 4, 6 and 7 weeks post-infection.
a
  
 
 
Relative Expression 
 
4 Weeks 
 
6 Weeks 
 
7 Weeks 
 
Gene Description 
Gene 
Symbol 
Gra Sur   
Zone 
1 
Zone 
2 
  
Zone 
1 
Zone 
2 
Zone 
3 
Probe ID 
Neutrophil Markers 
           
S100 Calcium Binding Protein A8 S100A8 1.2 1.2 
 
130.9 33.5 
 
249.1 29.5 250.7 ILMN_2710905 
S100 Calcium Binding Protein A9 S100A9 1.6 1.4 
 
95.3 19.0 
 
182.7 14.9 207.1 ILMN_2803674 
Secretory Leukocyte Peptidase inhibitor SLPi 1.8 1.6 
 
29.2 6.6 
 
67.2 11.2 210.1 ILMN_1256817 
Lactotransferrin LTF 2.0 1.4 
 
5.8 6.7 
 
7.5 3.9 163.4 ILMN_2754364 
Neutrophilic Granule Protein NGP 1.9 1.6 
 
3.2 2.4 
 
3.1 1.5 24.3 ILMN_1228832 
Elastase 2, Neutrophil ELA2 2.1 1.6 
 
2.1 2.4 
 
2.0 1.4 11.0 ILMN_1221700 
Neutrophil Cytosolic Factor 1 NCF1 1.8 1.6 
 
2.5 1.9 
 
2.6 1.9 2.2 
ILMN_2829457  
ILMN_1228585 
Neutrophil Cytosolic Factor 4 NCF4 1.7 1.5 
 
5.7 3.1 
 
7.8 5.3 6.9 ILMN_2743013 
Matrix Metallopeptidase 9 MMP9 1.6 1.5 
 
5.1 3.6 
 
6.3 6.7 17.0 ILMN_2711075 
Lipocalin 2 LCN2 0.7 1.3 
 
12.8 10.3 
 
21.4 1.2 27.7 ILMN_2712075 
Interleukin 8 Receptor, Beta 
IL-8Rβ/ 
CXCR2 
1.9 1.7   4.2 2.4   3.9 1.6 5.9 ILMN_1223834 
 
aExpression values are presented as fold change relative to uninfected controls and fold values ≥2.0 represent an up-regulated gene. Fold changes were 
averaged for genes represented by two or more probes. Gra = Granuloma, Sur = Surrounding cells. 
 
CHAPTER 2 
52 
 
4.3.5 Down-regulated genes associated with metabolism 
As the investigation of up-regulated genes was conducted using granuloma cells compared to the 
uninfected liver, the examination of down-regulated genes was also performed in a similar way to 
obtain consistent result. Genes that were down-regulated in hepatic granulomas relative to the 
uninfected controls over the course of the infection were associated predominantly with metabolic 
processes, including xenobiotic, sterol, fatty acid and vitamin metabolism. Of the total of 66 
cytochrome genes that exhibited decreased expression at 4-7 weeks p.i., 60 were down-regulated 
significantly (p≤0.05) across all zones of the granulomas over time (Data not shown). 
 
4.4 The formation of Neutrophil Extracellular Traps (NETs) in Schistosoma japonicum egg-
induced hepatic granuloma 
The detection of transcriptionally up-regulated key neutrophil genes in the core (Zone 1) and at the 
periphery zone (Zone 3) of the granulomas from our microarray analysis indicated that neutrophil 
infiltration is a prominent feature within the developing granulomas of S. japonicum. The 
recruitment at 7 weeks p.i. of neutrophils into hepatic granulomas caused by both S. mansoni and 
S. japonicum eggs were examined using Leder staining. The staining pattern revealed the 
localisation of neutrophils within the core and at the peripheral zone of S. japonicum egg-induced 
granulomas (Figure 3A). Neutrophils (at reduced numbers compared with S. japonicum) were only 
detected at the periphery of S. mansoni-induced hepatic granulomas, but not within the core 
adjacent to the eggs (Figure 3D). Further, due to the up-regulation of S100A8/A9, ELA2, and LTF, 
the molecules associated with a phenotype involved in the production of NETs (the extracellular 
DNA involved in pathogen-trapping [22, 26]) within the granulomatous tissue, we performed 
neutrophil elastase immunolabeling together with DAPI staining to determine if these infiltrated 
neutrophils produced NETs in hepatic granulomas. This revealed the co-localisation of neutrophil 
elastase associated with the diffuse network of extracellular DNA within the core of S. japonicum-
induced hepatic granulomas (Figure 3I); there were no indications of any potential NET structures 
present in the core of S. mansoni hepatic granulomas due to the absence of neutrophils in this region 
(Figure 3L). DAPI staining of hepatic granulomas induced by S. mansoni showed only the presence 
of discrete nuclear DNA in the core (Figure 3L).    
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Figure 3. Infiltration of neutrophils and the in vivo formation of potential NETs in 
S. japonicum egg-induced hepatic granuloma at 7 weeks post-infection. (A-C) Neutrophils were 
first evident in the core of the granuloma adjacent to S. japonicum eggs (A1), and also at the 
periphery (A2) of the granuloma shown by Leder staining. (B) and (C) each represents the high 
resolution image of the boxed areas in (A1) and (A2). The presence of neutrophils (cell cytoplasm 
stained in red) is shown by arrows. (D-F) Leder staining of S. mansoni egg-induced hepatic 
granuloma. (E) and (F) each represents the high resolution image of the boxed areas in (D1) and 
(D2). Positively-stained neutrophils were only detected at the periphery (F), and not in the core (E) 
of the granuloma. (G-I) The diffuse patterns of extracellular DNA, indicative of in vivo NETs 
formation in the core of S. japonicum egg-induced hepatic granuloma, are shown by DAPI stain 
(blue) for DNA in (G), and neutrophil elastase (NE) immunolabeling (red) in (H). (I) shows the co-
localisation of neutrophil elastase (arrows) on the extracellular DNA structures. An arrowhead 
shows an egg of S. japonicum. (J-L) NE was not detectable in the core region of S. mansoni egg-
induced hepatic granulomas indicating the absence of neutrophils. DAPI staining revealed the 
structure of DNA in its cellular state. The characteristic diffuse pattern of extracellular DNA was 
not evident. An arrowhead shows an egg of S. japonicum. All scale bars = 100 μm. (M) The number 
of neutrophils were significantly higher in S. japonicum-infected liver as compared with 
S. mansoni-infected liver, determined by Leder staining (Student’s t-test, *** p<0.001). hpf, High-
power field. 
 
4.5 Human neutrophils from naïve humans produce NETs in the presence of Schistosoma 
japonicum eggs 
To confirm that the staining pattern observed within the developing granuloma was indicative of 
NETs, we performed an in vitro co-culture assay with human neutrophils using eggs of S. mansoni 
and S. japonicum and glass beads (as negative control). Fluorescence images of PMA (a known 
inducer of NET formation)-stimulated neutrophils revealed the formation of thin, elongated 
extracellular fibres co-localised with neutrophil elastase originating from neutrophils after 4 h 
incubation (Figure 4C). Similarly, co-culture of neutrophils with viable S. japonicum eggs showed 
the release of these extracellular DNA-containing fibres and their attachment to the surface of the 
eggs which appeared to be trapped in a similar fashion as previously described for bacterial 
infections (Figure 4F). However, co-incubation of neutrophils with the eggs of S. mansoni showed 
no indication of NETs formation (Figure 4I), similar to that observed in co-cultures with glass beads 
(Figure 4L). NETs were also not detected in unstimulated neutrophils (Figure 4O). All schistosome 
eggs were tested and shown to be lipopolysaccharide-negative, thereby excluding the possibility of 
bacterial contamination affecting the in vitro assays. 
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Figure 4. The in vitro release of NETs stimulated by different stimuli. The release of 
extracellular DNA fibres (arrows) was detectable in both PMA- (A-C) and S. japonicum egg-
stimulated neutrophils (D-F) after 4 hours incubation as indicated by DNA and NE staining 
(arrows). NETs were not detected in neutrophils stimulated by S. mansoni eggs (G-I), or by beads 
that mimic the size of a schistosome egg (J-L). Arrowheads refer to S. japonicum eggs (D-F), 
S. mansoni eggs (G-I), and beads (J-L), respectively. (M-O) Unstimulated neutrophils. Original 
scale bars, 100 μm. 
 
4.6 Real-time PCR validation 
A subset of genes, representative of neutrophil infiltration (S100A8, NGP) [7], fibrosis (COL1A1, 
CTGF) [7] and type-2 (CCL7, CCL11) [6], type-1 (IL-1α, TNF) [7] and type-17 (IL-1β, IL-7R) [27] 
responses, were selected after the microarray analysis for validation by real-time PCR (Figure 5). 
Genes involved in inflammation (SAA3, CHI3L3) and metabolic activities (CYP1A2) were also 
subjected to validation (Supplementary Figure 2). The expression levels obtained by real-time PCR 
and microarray analysis correlated significantly (Spearman’s correlation, r = 0.86; p<0.0001).  
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Figure 5. Expression of key genes, representing neutrophil infiltration (S100A8, NGP), fibrosis 
(COL1A1, CTGF), and type-2 (CCL7, CCL11), type-1 (IL-1α, TNF) and type-17 (IL-1β, IL-7R) 
pathways, identified by microarray analysis and validated by real-time PCR. Column bars 
represent gene expression by real-time PCR as copy number, while the corresponding microarray 
expression level is written above each of the bars. The expression levels obtained by both 
procedures correlated significantly (Spearman’s correlation, r = 0.86; p<0.0001). Data are presented 
as mean ± SEM. Gra, Granuloma; Sur, surrounding cells. 
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5. DISCUSSION 
In this paper we present the first comprehensive analysis of the transcriptional events occurring 
within the hepatic granuloma microenvironment during S. japonicum infection, using a combination 
of LMM and transcriptomic approaches. While previous investigations have examined whole intact 
tissue or measured cytokines at the systemic level [3, 6, 7] to dissect the pathobiology of the 
disease, it is likely that subtle and highly localised cellular and molecular mechanisms may not have 
been detected. The application of LMM, which has not been employed hitherto in this context, 
provides a unique perspective of the granuloma microenvironment, thereby reducing the diverse 
transcriptional activity in the liver to sites and cells of direct relevance, to responses to the 
embolised parasite egg.  
 
Granuloma development in schistosome-infected host is generally a response to a large highly 
immunogenic structure (egg) embolised in liver and driven by an IL-13 cytokine expression. Our 
results showed distinct zonal patterns of gene expression occurring concurrently in both the 
developing and resolving granuloma. The initial formation of granuloma starts with the recruitment 
of neutrophils and macrophages to the core (Zone 1) that initiates a mixed T helper response, 
followed by the activation of hepatic stellate cells (HSCs) in synthesising collagens at the outer 
fibrogenic zone (Zone 2). As the type-2 response slowly dominated at the outer zone at this stage, a 
second wave of neutrophils again infiltrated at the periphery zone (Zone 3) of the granuloma, with a 
reparative role in resolving collagens. Our unique LMM approach hereby leads to the revelation of 
differential responses occurring within the granuloma microenvironment, with particular the 
identification of a novel dual role for neutrophils in schistosome-induced granuloma, a new finding 
not reported in this disease state. 
 
Our data revealed that cellular features of the core (Zone 1) include the rapid infiltration of 
neutrophils and macrophages at 4 weeks p.i., as reflected by the up-regulation of genes encoding for 
these cells (ELA2 and MMP12), respectively. Our finding suggests that these cell types play a major 
role in initiating the innate and adaptive responses contributing to schistosome-induced 
granulomatous pathology. As the disease progresses into 6-7 weeks p.i., the cells in the core were 
then enclosed partially by the enshrouding fibrotic layer. At this later stage, a range of cytokines 
reflective of type-1 and type-17 responses (e.g IL-23, IL-1β, IL-6 and IL-7R) were up-regulated in 
this region (Zone 1). A Th17 response has recently been linked with the development of severe 
hepatic inflammation in schistosomiasis [28, 29]. Shainheit and colleagues [28, 29] proposed that in 
S. mansoni infection, IL-23 and IL-1β are key cytokines that induce the production of IL-17, which 
in turn leads to a severe pro-inflammatory response. Wen and colleagues [30] reported that the 
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immunisation of mice with S. japonicum soluble egg antigens induced the production of Th17 cells 
and that increasing levels of Th17 cell populations correlated with the more severe pathology 
associated with S. japonicum infection. It appears that these type-17 cytokines detected in our study 
may play a similar effect onto causing inflammation and tissue damages in the core of granuloma.  
 
Genes significantly up-regulated in the outer zones (Zones 2 & 3) of the granuloma at 6-7 weeks p.i 
included many type-2 and pro-fibrogenic genes. HSCs are the primary source of fibrillar collagen in 
schistosome-induced liver fibrosis [19, 31]. Furthermore, activated HSCs have been localised to the 
outer zones of S. japonicum granulomas [6, 31]. In these same regions, we demonstrated differential 
expression of activated HSC markers (α-SMA, desmin and vimentin), further confirming the 
participation of HSCs in fibrogenesis. In parallel, there was significant up-regulation of procollagen 
(COL1A1, COL3A1, COL4A1, COL5A1, COL6A1) at the outer fibrotic zone (Zone 2), consistent 
with the increased staining for collagen shown in our previous study [6]. Our data strongly 
demonstrate that the cytokines TGF-β1 and other HSC activators, such as CTGF and PDGF [19, 
32], were also up-regulated only at the outer fibrotic zone of granuloma. HSCs were not in an 
activated state in the core of granulomas as schistosome egg secretions lead to the inhibition of 
HSCs activation [19]. Here we see the interplay between egg-induced inhibition and host-cell 
induced HSC activation producing a distinct partitioning of the primary fibrogenic cells and 
collagen deposition.  
 
The expression profile ratio of MMPs and TIMPs serves as one of the most important factors 
determining the severity of schistosomiasis and the subsequent fibrotic resolution [6, 7, 33]. We 
found differential expression of MMP2, 3, 14 and 23 at the outer fibrotic zone (Zone 2) of 
granuloma at 6-7 weeks p.i., of which MMP2 and 3 were previously reported in S. mansoni-induced 
fibrosis [12, 33]. MMP23, although originally proposed to be expressed only in reproductive tissues 
[34], was confirmed here to be expressed in the outer zones of the S. japonicum granuloma, as our 
earlier data implicated [6]. The precise role of MMP23 in fibrogenesis needs to be determined. 
TIMP1 showed the highest expression with 115-fold increase detected at the outer fibrotic zone 
(Zone 2) at 7 weeks p.i. TIMP1 inhibits the action of most MMPs, and has increased expression 
during S. mansoni-induced fibrosis [12, 33]. The increased expression of MMP2 and MMP14, 
together with a decrease in TIMP1, has been shown to enhance collagen degradation and the 
resolution of cirrhotic liver disease [35]. The higher gene expression of TIMP1 we recorded in 
comparison with all other MMPs in this study might be one of the reasons collagens are not 
degraded by MMPs and fibrosis continues to persist leading to the eventual formation of 
granulomas in schistosomiasis.  
CHAPTER 2 
61 
 
While not the case with S. mansoni, neutrophils have been implicated as the predominant cell type 
in S. japonicum hepatic granulomatous pathology [4, 5, 36]. Neutrophils are thought to regulate 
S. japonicum induced granuloma, as their reduced numbers in hosts result in larger granuloma [37], 
a feature supported by the previous findings from our group using the clinically relevant, highly 
pathogenic Chinese strain of S. japonicum [7]. In contrast, a study with the less virulent Japanese 
laboratory-attenuated strain of S. japonicum in a IL-4
-/-
IL-13
-/-
 KO model increased neutrophil 
recruitment which eventually led to a more severe liver damage [8], but only at 6 weeks p.i., as at 8 
weeks p.i. there were no detectible differences between wild type and KO mice. Furthermore, the 
protective effect of neutrophils we have previously reported [7] was more evident at weeks 7-9 p.i.  
 
A major feature of this and our previous report [6] was the detection of neutrophils and neutrophil-
associated genes in both the core (Zone 1), as well as at the periphery (Zone 3) of mature 
granulomas at 6-7 weeks p.i, as evidenced by the enrichment of transcripts for S100A8 and 
S100A9, proteins highly expressed in neutrophils and involved in inducing neutrophil migration 
[25]. Other than neutrophil enriched molecules, the pro-inflammatory type-1 cytokines TNF, IL-1α, 
CCL4 and CXCL2 and type-17 cytokines IL-23, IL-1β and IL-6 were also up-regulated in the cores 
of 6-7 weeks granulomas as mentioned earlier. Neutrophils are thus thought to be an important 
source of these inflammatory cytokines within the granuloma [38, 39]. The abundance of these 
type-1 and type-17 cytokines in the core of hepatic granuloma at 6-7 weeks p.i. implicates the 
neutrophils in an effector function. Thus, taken together, our data and those of other groups, suggest 
an important role for neutrophil-mediated cytokine synthesis and its role in mediating inflammation 
in the core of the granuloma. 
 
It is important to understand why neutrophils are dominant in two distinct zones of the granuloma 
and over a prolonged time-course. Are the neutrophils at the periphery of the granuloma attracted 
by fresh leakage of egg antigen from the increasingly fibrotic granuloma, or are they attracted by 
the chemokines produced by host cells? At week 7, molecules linked with neutrophil recruitment 
including SLPi, LTF, NGP, ELA2 and MMP9, demonstrated higher expression at the peripheral 
zone (Zone 3). This suggests that the neutrophils localised at the periphery of the granuloma have 
been attracted by different chemokines and have distinct functions to those in the core. One answer 
may lie in the elevated levels of lactotransferrin (LTF) in the peripheral zone. LTF is stored in the 
secondary granule of neutrophils [26] and in humans and bovines is known to promote the 
contraction of collagen gels by fibroblasts in vitro, reflecting the in vivo reorganisation of collagen 
matrix during the wound recovery process [40]. The high level of LTF gene expression detected in 
the peripheral zone suggests a role in collagen remodelling. This observation is further borne out by 
CHAPTER 2 
62 
 
elevated levels of neutrophilic granule protein such as ELA2 and MMP9 [41], molecules known to 
cleave different isoforms of collagen and other ECM components [42, 43]. This potential for 
remodelling may be counteracted by elevation of SLPi, the main inhibitor of ELA2 [44] in 
neutrophils at the peripheral zone. Inhibition of ELA2 is important since the excess production of 
ELA2 has been shown to cause cell damage during the acute phase of lung injury [45]. Thus, it 
appears in S. japonicum-induced hepatic granuloma that SLPi is more likely to be involved in the 
inhibition of excess ELA2 secretion to minimise tissue damage, rather than to inhibit the collagen-
degrading activity of this protease. It appears therefore that neutrophils have two distinct roles in the 
S. japonicum granuloma. Firstly, the initial wave of neutrophils has an important role in 
chemoattraction and as immune effectors. The additional infiltration of neutrophils at the periphery 
of granuloma may therefore suggest a repair function for neutrophils in promoting the resolution of 
fibrosis. Further studies are clearly required in order to elucidate the precise mechanisms of action 
of peripheral neutrophil infiltration in the host wound healing response to granuloma formation due 
to S. japonicum eggs. 
 
Our study has shown that neutrophils have an additional role in response to the S. japonicum egg. It 
has recently been demonstrated that neutrophils kill pathogens through the release of extracellular 
fibres composed of decondensed chromatin and histones decorated with granule proteins that bind 
and entrap the pathogens extracellularly [26]. Neutrophils are now well known to trap and kill 
microbial pathogens, including bacteria [26], fungi [46] and protozoa [47] by releasing neutrophil 
extracellular traps (NETs), but this response has not been reported in schistosome infections. Our 
data here indicate that neutrophils are induced to form NETs around viable S. japonicum eggs. This 
has been shown in the immunopathology of hepatic granulomas in situ and in in vitro assays by co-
staining for neutrophil elastase and DAPI, the standard method used in similar studies of microbial 
pathogens [26]. In addition, S100A8/A9, NGP, ELA2, LTF and MMP9, all of which are NETs 
constituents [48, 49], as well showed increased gene transcripts in the core of granulomas, 
correlating with the proposed NETs visualised in this region. There is no indication that the eggs 
were killed by NETs during the 4 hour in vitro assay, as the intact nuclei of the schistosome 
embryos within the eggs were clearly visible even after the eggs were trapped (data not shown). 
Even though NETs may not be involved in killing the eggs directly, the antimicrobial properties of 
NETs [49] might have had restrictive effects on their movement. We propose that our in vitro 
model of S. japonicum egg-stimulated NET formation reflects the situation in in vivo hepatic 
granuloma, although the exact mechanism of NET generation requires further study. As NETs were 
previously shown to be a predictive marker for the early diagnosis of septic arthritis [50], NETs 
release during S. japonicum infection could also serve as an important prognostic marker for the 
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detection of the disease.  
 
Notably, there was no evidence for the formation of NETs in either the core of S. mansoni-induced 
hepatic granuloma, nor in co-culture in vitro assays. Hepatic granulomas induced by S. mansoni 
were reported previously to contain mainly eosinophils and mononuclear cells, with low numbers of 
neutrophils present, as compared to those of S. japonicum granulomas where neutrophils are the 
predominant cells [4, 5]. These observations support our findings of an absence of neutrophils and 
NETs in the core of S. mansoni granulomas. The ability of S. japonicum eggs to induce NETs 
formation, in contrast to S. mansoni, are likely to be due to the presence of neutrophil chemotactic 
factors in the egg antigens of S. japonicum [51]. This hypothesis should be investigated further, by 
means of comparative proteomic approaches, to discover the differences in the secreted egg 
antigens between these two schistosome species that lead to differing responses and outcomes. 
 
In summary, we present here the first detailed description of the major cellular and molecular events 
occurring within the specific microenvironment of S. japonicum egg-induced hepatic granulomas. 
Our results show that the cellular recruitment towards each specific zone of the granulomatous 
tissue is tightly regulated both temporally and spatially, with neutrophils playing a dual role in the 
regulation of hepatic granuloma formation. The early recruitment of neutrophils to the core of 
granulomas in response to S. japonicum egg antigens leads to a neutrophil-mediated inflammatory 
response, which ultimately causes tissue damage. We propose that the subsequent infiltration of 
neutrophils at the periphery of the granuloma may be responsible for reabsorbing excess ECM 
products deposited by activated HSCs, leading to the remodelling of granulomatous tissue and the 
regression of fibrosis (Figure 6). Further, the in vivo release of NETs in the core of S. japonicum 
granuloma leads to the initial trapping and containment of the eggs. We propose, therefore, that 
neutrophils play an important dual role during the progression of disease caused by S. japonicum 
and possibly the granulofibrotic pathology associated with other liver-related diseases. Future 
consideration should be given to the use of knock-out mice lacking neutrophil genes to determine 
whether neutrophils modulate a protective effect in S. japonicum-induced granulomatous pathology 
so as to determine whether new therapeutic approaches, stimulating neutrophil-mediated control of 
this and other fibrotic diseases, are feasible. 
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Figure 6. Summary of the major cellular and molecular events occurring during S. japonicum 
induced hepatic granuloma development. Granulomatous pathology begins when the eggs release 
neutrophil chemotactic factor [51] that lead to the recruitment of neutrophils towards the site of egg 
lodgement. These neutrophils in turn produce an array of pro-inflammatory cytokines and 
chemokines and initiate inflammation in the core (zone 1) of granuloma. Neutrophils at this stage 
also release NETs to trap the eggs. In response to tissue injury, hepatic stellate cells are then 
activated to produce extracellular matrix components to induce fibrotic responses that contribute to 
the formation of an extra fibrotic zone (zone 2). Neutrophils are again recruited and accumulate at 
the periphery of the granuloma (zone 3) at a later stage, and release a number of granule proteins 
involved in collagen degradation and reabsorption, leading to remodelling of the damaged tissues 
and modulation of host granulomatous pathology.  
 
 
Region Major Cellular Events Representation
Core
Periphery
Fibrotic
Extracellular matrix proteins 
Collagen fibres
Matrix Metalloproteinases
Tissue Inhibitor of Matrix MetalloproteinasesActivated hepatic stellate
cell
Gelatinase/ MMP9
Neutrophil Granule Protein
Neutrophil Elastase
Lactotransferrin
Secretory Leukocyte Peptidase Inhibitor 
Collagen 
Degradation
Tissue
Remodelling
Neutrophil with
Regulatory Role
Neutrophil with
Effector Function 
TNF, IL-1α, CCL4, 
CXCL1, CXCL2
IL-1β, IL-6, IL-23α
Type-1 Response
Type-17 Response
CCL3 Eosinophils/ Type-2 Response
NETs
Neutrophil
Chemotactic
Factor
Eosinophil Macrophage HSC Collagen fibre T cell B cellLegend: Egg Neutrophil
CHAPTER 2 
65 
 
6. REFERENCES 
1. Ross, A.G., et al., Schistosomiasis. New England Journal of Medicine, 2002. 346(16): p. 
1212-20. 
2. Meleny, H.E., Sandground, J.H., Moore, D.V., Most, H. and Carney, B.H., The 
histopathology of experimental schistosomiasis II Bisexual infection with S. mansoni, S. 
japonicum and S. haematobium. American Journal of Tropical Medicine and Hygiene, 1953. 
2: p. 883-913. 
3. Wynn, T.A., et al., Immunopathogenesis of schistosomiasis. Immunol Rev, 2004. 201: p. 
156-67. 
4. Von Lichtenberg, F., D.G. Erickson, and E.H. Sadun, Comparative histopathology of 
schistosome granulomas in the hamster. American Journal of Pathology, 1973. 72(2): p. 
149-78. 
5. Hsu, S.Y., et al., Comparative studies on the lesions caused by eggs of Schistosoma 
japonicum and Schistosoma mansoni in livers of albino mice and rhesus monkeys. Annals of 
Tropical Medicine and Parasitology, 1972. 66(1): p. 89-97. 
6. Burke, M.L., et al., Temporal expression of chemokines dictates the hepatic inflammatory 
infiltrate in a murine model of schistosomiasis. PLoS Negl Trop Dis, 2010. 4(2): p. e598. 
7. Perry, C.R., et al., Differential expression of chemokine and matrix re-modelling genes is 
associated with contrasting schistosome-induced hepatopathology in murine models. PLoS 
Negl Trop Dis, 2011. 5(6): p. e1178. 
8. Seki, T., et al., Interleukin-4 (IL-4) and IL-13 suppress excessive neutrophil infiltration and 
hepatocyte damage during acute murine schistosomiasis japonica. Infection and Immunity, 
2012. 80(1): p. 159-68. 
9. Jones, M.K., et al., Laser microdissection microscopy in parasitology: microscopes meet 
thermocyclers. Trends in Parasitology, 2004. 20(11): p. 502-6. 
10. Nawaratna, S.S., et al., Gene Atlasing of digestive and reproductive tissues in Schistosoma 
mansoni. PLoS Negl Trop Dis, 2011. 5(4): p. e1043. 
11. Huang da, W., B.T. Sherman, and R.A. Lempicki, Systematic and integrative analysis of 
large gene lists using DAVID bioinformatics resources. Nature Protocols, 2009. 4(1): p. 44-
57. 
12. Sandler, N.G., et al., Global gene expression profiles during acute pathogen-induced 
pulmonary inflammation reveal divergent roles for Th1 and Th2 responses in tissue repair. J 
Immunol, 2003. 171(7): p. 3655-67. 
13. Amante, F.H., et al., A role for natural regulatory T cells in the pathogenesis of 
experimental cerebral malaria. Am J Pathol, 2007. 171(2): p. 548-59. 
CHAPTER 2 
66 
 
14. Rodriguez, A., et al., Effects of iron loading on muscle: genome-wide mRNA expression 
profiling in the mouse. BMC Genomics, 2007. 8: p. 379. 
15. Dheda, K., et al., Validation of housekeeping genes for normalizing RNA expression in real-
time PCR. Biotechniques, 2004. 37(1): p. 112-4, 116, 118-9. 
16. Morey, J.S., J.C. Ryan, and F.M. Van Dolah, Microarray validation: factors influencing 
correlation between oligonucleotide microarrays and real-time PCR. Biological Procedures 
Online, 2006. 8: p. 175-93. 
17. Pearson, E.S., D'Agostino R.B. and Bowman, K.O. , Tests for departure from normality: 
Comparison of powers. Biometrika, 1977. 64: p. 231-246. 
18. Shapiro, S.S.a.W., M.B.,, An analysis of variance test for normality (complete samples) 
Biometrika, 1965. 52(591-611). 
19. Anthony, B., et al., Schistosoma mansoni: egg-induced downregulation of hepatic stellate 
cell activation and fibrogenesis. Exp Parasitol, 2010. 124(4): p. 409-20. 
20. Buchanan, J.T., et al., DNase expression allows the pathogen group A Streptococcus to 
escape killing in neutrophil extracellular traps. Current Biology, 2006. 16(4): p. 396-400. 
21. Degel, J. and M. Shokrani, Validation of the efficacy of a practical method for neutrophils 
isolation from peripheral blood. Clin Lab Sci, 2010. 23(2): p. 94-8. 
22. Brinkmann, V., et al., Neutrophil extracellular traps: how to generate and visualize them. 
Journal of Visualized Experiments, 2010(36). 
23. Belaaouaj, A., K.S. Kim, and S.D. Shapiro, Degradation of outer membrane protein A in 
Escherichia coli killing by neutrophil elastase. Science, 2000. 289(5482): p. 1185-8. 
24. Park, M.K., et al., Patterns of chemokine expression in models of Schistosoma mansoni 
inflammation and infection reveal relationships between type 1 and type 2 responses and 
chemokines in vivo. Infection and Immunity, 2001. 69(11): p. 6755-68. 
25. Ryckman, C., et al., Proinflammatory activities of S100: proteins S100A8, S100A9, and 
S100A8/A9 induce neutrophil chemotaxis and adhesion. Journal of Immunology, 2003. 
170(6): p. 3233-42. 
26. Brinkmann, V., et al., Neutrophil extracellular traps kill bacteria. Science, 2004. 303(5663): 
p. 1532-5. 
27. Grogan, J.L. and W. Ouyang, A role for Th17 cells in the regulation of tertiary lymphoid 
follicles. Eur J Immunol, 2012. 42(9): p. 2255-62. 
28. Shainheit, M.G., et al., Dendritic cell IL-23 and IL-1 production in response to schistosome 
eggs induces Th17 cells in a mouse strain prone to severe immunopathology. Journal of 
Immunology, 2008. 181(12): p. 8559-67. 
CHAPTER 2 
67 
 
29. Shainheit, M.G., et al., The pathogenic Th17 cell response to major schistosome egg antigen 
is sequentially dependent on IL-23 and IL-1beta. Journal of Immunology, 2011. 187(10): p. 
5328-35. 
30. Wen, X., et al., Dynamics of Th17 cells and their role in Schistosoma japonicum infection in 
C57BL/6 mice. PLoS Neglected Tropical Diseases, 2011. 5(11): p. e1399. 
31. Bartley, P.B., et al., A contributory role for activated hepatic stellate cells in the dynamics of 
Schistosoma japonicum egg-induced fibrosis. Int J Parasitol, 2006. 36(9): p. 993-1001. 
32. Gressner, O.A., R. Weiskirchen, and A.M. Gressner, Evolving concepts of liver fibrogenesis 
provide new diagnostic and therapeutic options. Comp Hepatol, 2007. 6: p. 7. 
33. Singh, K.P., et al., Dynamics of collagen, MMP and TIMP gene expression during the 
granulomatous, fibrotic process induced by Schistosoma mansoni eggs. Annals of Tropical 
Medicine and Parasitology, 2004. 98(6): p. 581-93. 
34. Velasco, G., et al., Cloning and characterization of human MMP-23, a new matrix 
metalloproteinase predominantly expressed in reproductive tissues and lacking conserved 
domains in other family members. Journal of Biological Chemistry, 1999. 274(8): p. 4570-6. 
35. Zhou, X., et al., Expression of matrix metalloproteinase-2 and -14 persists during early 
resolution of experimental liver fibrosis and might contribute to fibrolysis. Liver 
International, 2004. 24(5): p. 492-501. 
36. Burke, M.L., et al., Immunopathogenesis of human schistosomiasis. Parasite Immunology, 
2009. 31(4): p. 163-76. 
37. Hirata, M., et al., Neutropenia augments experimentally induced Schistosoma japonicum 
egg granuloma formation in CBA mice, but not in C57BL/6 mice. Parasite Immunology, 
2002. 24(9-10): p. 479-88. 
38. Mantovani, A., et al., Neutrophils in the activation and regulation of innate and adaptive 
immunity. Nature Reviews Immunology, 2011. 11(8): p. 519-31. 
39. Cassatella, M.A., S. Gasperini, and M.P. Russo, Cytokine expression and release by 
neutrophils. Annals of the New York Academy of Sciences, 1997. 832: p. 233-42. 
40. Takayama, Y., K. Mizumachi, and T. Takezawa, The bovine lactoferrin region responsible 
for promoting the collagen gel contractile activity of human fibroblasts. Biochemical and 
Biophysical Research Communications, 2002. 299(5): p. 813-7. 
41. Pham, C.T., Neutrophil serine proteases: specific regulators of inflammation. Nature 
Reviews Immunology, 2006. 6(7): p. 541-50. 
42. Kelly, E., C.M. Greene, and N.G. McElvaney, Targeting neutrophil elastase in cystic 
fibrosis. Expert Opinion on Therapeutic Targets, 2008. 12(2): p. 145-57. 
CHAPTER 2 
68 
 
43. Collier, I.E., et al., H-ras oncogene-transformed human bronchial epithelial cells (TBE-1) 
secrete a single metalloprotease capable of degrading basement membrane collagen. 
Journal of Biological Chemistry, 1988. 263(14): p. 6579-87. 
44. Sallenave, J.M., et al., Secretory leukocyte proteinase inhibitor is a major leukocyte elastase 
inhibitor in human neutrophils. Journal of Leukocyte Biology, 1997. 61(6): p. 695-702. 
45. Lee, W.L. and G.P. Downey, Leukocyte elastase: physiological functions and role in acute 
lung injury. American Journal of Respiratory and Critical Care Medicine, 2001. 164(5): p. 
896-904. 
46. Urban, C.F., et al., Neutrophil extracellular traps capture and kill Candida albicans yeast 
and hyphal forms. Cellular Microbiology, 2006. 8(4): p. 668-76. 
47. Guimaraes-Costa, A.B., et al., Leishmania amazonensis promastigotes induce and are killed 
by neutrophil extracellular traps. Proceedings of the National Academy of Sciences of the 
United States of America, 2009. 106(16): p. 6748-53. 
48. Urban, C.F., et al., Neutrophil extracellular traps contain calprotectin, a cytosolic protein 
complex involved in host defense against Candida albicans. PLoS Pathogens, 2009. 5(10): 
p. e1000639. 
49. Papayannopoulos, V. and A. Zychlinsky, NETs: a new strategy for using old weapons. 
Trends in Immunology, 2009. 30(11): p. 513-21. 
50. Logters, T., et al., Diagnostic accuracy of neutrophil-derived circulating free DNA (cf-
DNA/NETs) for septic arthritis. J Orthop Res, 2009. 27(11): p. 1401-7. 
51. Owhashi, M., Y. Horii, and A. Ishii, Schistosoma japonicum: identification and 
characterization of neutrophil chemotactic factors from egg antigen. Experimental 
Parasitology, 1985. 60(2): p. 229-38. 
 
 
 
 
 
CHAPTER 3 
69 
 
CHAPTER 3: DEFINING A PRO-INFLAMMATORY NEUTROPHIL PHENOTYPE IN 
RESPONSE TO SCHISTOSOME EGGS 
 
Candy Chuah
1,2,3
, Malcolm K. Jones
1,2
, Melissa L. Burke
4
, Donald P. McManus
5
, Helen C. Owen
2
, 
and
 
Geoffrey N. Gobert
5* 
 
1
Parasite Cell Biology Laboratory, QIMR Berghofer Medical Research Institute, Brisbane, 4006, 
Australia. 
2
School of Veterinary Sciences, The University of Queensland, Gatton, 4343, Australia. 
3
School of Medical Sciences, Universiti Sains Malaysia, 16150, Kelantan, Malaysia. 
4
Division of Mycobacterial Research, National Institute for Medical Research, London, NW7 1AA, 
United Kingdom. 
5
Molecular Parasitology Laboratory, QIMR Berghofer Medical Research Institute, Brisbane, 4006, 
Australia. 
 
1
 Corresponding author: Dr Geoffrey N. Gobert 
Email: Geoffrey.Gobert@qimr.edu.au 
 
Running Title: 
Schistosome eggs and inflammatory neutrophil 
________________________________________________________________________________ 
This paper has been published in Cellular Microbiology 
Chuah, C., et al. (2014) Cell Microbiol 16(11): 1666-1677. 
________________________________________________________________________________ 
 
 
 
 
 
 
 
 
CHAPTER 3 
70 
 
1. ABSTRACT 
Neutrophils contribute to the pathological processes of a number of inflammatory disorders, 
including rheumatoid arthritis, sepsis, and cystic fibrosis. Neutrophils also play prominent roles in 
schistosomiasis japonica liver fibrosis, being central mediators of inflammation following 
granuloma formation. In this study, we investigated the interaction between Schistosoma japonicum 
eggs and neutrophils, and the effect of eggs on the inflammatory phenotype of neutrophils. Our 
results showed significant up-regulated expression of pro-inflammatory cytokines (IL-1α, IL-1β and 
IL-8) and chemokines (CCL3, CCL4, and CXCL2) in neutrophils after 4 hours in vitro stimulation 
with S. japonicum eggs. Furthermore, mitochondrial DNA was released by stimulated neutrophils, 
and induced the production of matrix metalloproteinase 9 (MMP-9), a protease involved in 
inflammation and associated tissue destruction. We also found that intact live eggs and isolated 
soluble egg antigen (SEA) triggered the release of neutrophil extracellular traps (NETs), but, unlike 
those reported in bacterial or fungal infection, NETs did not kill schistosome eggs in vitro. Together 
these show that S. japonicum eggs can induce the inflammatory phenotype of neutrophils, and 
further our understanding of the host-parasite interplay that takes place within the in vivo 
microenvironment of schistosome-induced granuloma. These findings represent novel findings in a 
metazoan parasite, and confirm characteristics of NETs that have until now, only been observed in 
response to protozoan pathogens. 
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2. INTRODUCTION 
Neutrophils are the first cell type to arrive at sites of inflammation [1]. These cells play a crucial 
role in the development of innate immune responses [1], however they can also contribute to host 
tissue damage by secreting proteases or cytotoxic mediators such as reactive oxygen species [2]. 
Neutrophils also contribute to the elimination of pathogens via phagocytosis, degranulation or the 
generation of neutrophil extracellular traps (NETs) [3, 4].  
 
Several diseases, including cystic fibrosis [5], rheumatoid arthritis [2] and sepsis [6] are 
characterised by neutrophil-dominated inflammation. Schistosomiasis, a chronic helminth disease 
of humans caused by digenetic trematode parasites of the genus Schistosoma, is the second most 
prevalent parasitic disease after malaria [7]. Eggs deposited by the adult parasite pair, that are 
trapped in the liver, induce the formation of granulomas, which leads to the onset of extensive 
hepatic fibrosis [8-10]. During a S. japonicum infection, the granulomas formed contain a higher 
ratio of neutrophils and more acute inflammation as compared with the granulomas induced by 
S. mansoni, which are composed predominantly of eosinophils [11-13]. We have shown that 
neutrophils, as characterised by Leder staining [14, 15] and expression of neutrophil 
chemoattractant S100A8 [14, 16], localise to the core of hepatic granuloma induced by 
S. japonicum eggs, where they were shown to be associated with the secretion of proinflammatory 
cytokines such as IL-1α, IL-1β, IL-6, IL-23α, TNF, CCL3, CCL4, CXCL1, and CXCL2, which 
contribute to local inflammation [17]. A recent study has shown that the S. japonicum egg specific 
protein SjE16.7 specifically recruits neutrophils in vivo and initiates hepatic granuloma formation 
[18]. 
 
In view of the importance of neutrophils in inflammation during S. japonicum infection, this paper 
builds on our previous findings that demonstrate a role for neutrophils in tissue damage and 
inflammation [10, 17]. Here, we further characterise the biology of neutrophils in respect to their 
interactions with S. japonicum eggs to determine the link between the parasite eggs and the 
mechanisms involved in the induction of an inflammatory response, which may directly reflect the 
in vivo situation regarding granuloma formation in schistosomiasis japonica. 
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3. MATERIALS AND METHODS 
3.1 Ethics Statement 
All animal and human studies were conducted with the approval of the QIMR Berghofer Medical 
Research Institute Animal and Human Ethics Committees under project numbers P288 and P443. 
 
3.2 Isolation of Viable S. japonicum Eggs  
Four to six weeks old female Swiss mice were infected with 60 S. japonicum cercariae (Chinese 
mainland, Anhui population) and were euthanised at 7 weeks p.i. Eggs were obtained from infected 
livers as previously described [19]. Isolated eggs were shown to be lipopolysaccharide (LPS)-free 
by the Limulus Amebocyte Lysate (LAL PYROGENT Plus Single Tests 0.06 EU/ml) assay 
(Lonza) and were stored at 4
o
C until use. 
 
3.3 Preparation of S. japonicum Soluble Egg Antigen (SEA) 
Isolated S. japonicum eggs were homogenized twice (5 mm bead) using tissue lyzer for 1 minute 
each at 25 Hertz. The homogenate was then checked under microscope to ensure breakage of eggs. 
The homogenate was then subjected to centrifugation at 10,000 g for 2 hours at 4
o
C. The 
supernatant, which is the SEA, was shown to be lipopolysaccharide (LPS)-free by the Limulus 
Amebocyte Lysate (LAL PYROGENT Plus Single Tests 0.06 EU/ml) assay and were stored at -
20
o
C until required. 
 
3.4 Excretory/Secretory (ES) Products of S. japonicum Eggs 
Isolated S. japonicum eggs were cultured in RPMI media in a culture flask for 72 hours at 37
o
C. 
The media containing egg excreted/secreted (ES) proteins were collected after 3 days, and 
concentrated using Amicon Ultra-15 centrifugal filter units with 3kDa molecular weight cut-off 
(Merck Millipore). Five times cold acetone were added to the concentrated ES proteins and kept at -
20
o
C overnight. The protein lysate was then subjected to centrifugation at 4,000 rpm for 30 minutes 
at 4
o
C. The pellet was dried, re-suspended in PBS and stored at -80
o
C until required. 
 
3.5 Isolation of Neutrophils from Human Blood 
Human neutrophils were isolated from the blood of healthy donors by density gradient 
centrifugation using the PolyMorphPrep kit (Axis-Shield) following manufacturer’s instructions 
and as previously described [20, 21]. Fresh blood was gently layered on PolymorphPrep and 
centrifuged at 500 g for 40 minutes at 20
o
C. The interphase layer containing neutrophils was 
removed and washed with 1X PBS. Following the complete lysis of erythrocytes, the purified 
neutrophil population was resuspended gently in 500 µL RPMI medium containing 2% (v/v) heat 
CHAPTER 3 
73 
 
inactivated plasma. Neutrophils were then counted using a haemocytometer. 
 
3.6 Assessment of NETs Formation 
The stimulation of NETs formation by activated neutrophils was performed as previously described 
[22]. Neutrophils were seeded onto round glass cover slips in 24-well tissue culture plates at a 
concentration of 2 x 10
5
 cells per well. Cells were incubated for 1 h at 37
o
C in 5% CO2 to allow the 
cells to adhere onto the cover slip. Cells then underwent 1 h, 4 h or overnight incubation, 
respectively in 37
o
C, 5% CO2 incubator in the presence of 600 nM Phorbol 12-myristate 13-acetate 
(PMA) in RPMI (as positive control), 500 S. japonicum eggs, 50 µg/ml SEA or 50 µg/ml egg ES 
proteins. Cells were subsequently fixed with 4% (w/v) paraformaldehyde in PBS for 15 minutes and 
washed 3X with PBS, 5 min each, and then mounted onto glass slide with 4',6-diamidino-2-
phenylindole (DAPI) at a concentration of 1.5 µg/ml (Vector Laboratories). Cells were then 
visualised by fluorescent microscopy (Leica TCS). This method was duplicated using independent 
isolations of both schistosome eggs and human neutrophils (from two donors). 
 
3.7 Cytokine Expression Analysis 
Neutrophil populations stimulated with PMA, S. japonicum, or SEA after 1 h, 4 h, and overnight 
time-point, were kept in RNAprotect cell reagent (Qiagen) and stored at -80
o
C for RNA extraction. 
The supernatants were also collected, and stored at -80
o
C for genomic DNA purification and gelatin 
zymography. Total RNA was isolated from cell pellets using RNeasy Mini kit (Qiagen) following 
the manufacturer’s instructions and complementary DNA (cDNA) was synthesised from total RNA 
using a Quantitect Reverse Transcription kit (Qiagen, Venlo, Netherlands). cDNA concentrations 
were then quantified using a Nanodrop-1000 spectrophotometer. Real-time PCR (qPCR) was 
performed to quantitate the gene expression level of a number of cytokines (IL-1α, IL-1β & IL-8) 
and chemokines (CCL3, CCL4 & CXCL2). Primers for qPCR were designed using Primer 3 
software (Supplementary Table 1) and the data were normalised to the human housekeeping gene, 
β-actin [23]. Real-time PCR was performed using SYBR Green master mix (Applied Biosystems) 
on a Corbett Rotor Gene 6000 (Corbett Life Sciences). 
 
3.8 PCR of Nuclear and Mitochondrial Genes 
Genomic DNA from the supernatants of PMA-, S. japonicum egg- and SEA-stimulated neutrophils 
was isolated using the genomic DNA purification kit (Thermo Scientific). The content of 
extracellular DNA in the supernatant was determined by amplifying nuclear (GAPDH) and 
mitochondrial (CO1) genes. The quantification of band intensity was determined using ImageJ 
analysis software [24]. Primer sequences used were sourced from Keshari et al [23].   
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3.9 Gelatin Zymography 
Supernatants collected were first concentrated using Amicon Ultra-4 centrifugal filter units with 
3kDa molecular weight cut-off (Merck Millipore) and total protein concentrations determined using 
bicinchoninic acid (BCA) method. Proteins were separated on pre-cast 10% Tris-Glycine gel with 
0.1% gelatin as the substrate (Life Technologies) under non-reducing condition. After 
electrophoresis, gels were firstly incubated in renaturing buffer (2.5% (v/v) Triton X-100) for 30 
minutes at RT on a rotary shaker, and this step was again repeated with the change of developing 
buffer (50 mmol/L Tris, pH 7.5, 200 mmol/L NaCl, 4 mmol/L CaCl2, and
 
0.02% Brij-35). Fresh 
developing buffer was then added to the gels and incubated at 37
o
C overnight, before the gels were 
stained with Coomassie Blue. Areas indicative of gelatinase activity were detected as clear bands 
against the blue background. Matrix metalloproteinase bands were identified by size by comparing 
to a standard protein marker, and the Collagenase B from Clostridium histolyticum was used as the 
positive control. Quantification of band intensity was determined using ImageJ analysis software 
[24]. 
 
3.10 NETs Killing Assay 
A total of 500 freshly isolated S. japonicum eggs were incubated with 2 x 10
5 
neutrophils per well, 
with or without PMA at 37
o
C overnight, while negative controls consist only of 500 eggs. Cells 
were stained with DAPI the next day to examine for the presence of NETs. The hatching rate of 
eggs under each condition was assessed [25], by replacing the RPMI culture media in each well 
with sterile conditioned water (free of dissolved calcium and magnesium), and left under a light 
source for 2 hours for the hatching of eggs. Eggs settled down at the bottom of the well were 
collected, and the numbers of hatched and unhatched eggs were microscopically counted. 
 
3.11 Statistical Analysis     
Data was presented as mean ± SEM. Statistical analyses of all data were performed using two-way 
ANOVA as appropriate in GraphPad Prism version 6.0 (GraphPad Software). Values of p ≤ 0.05 
were considered as statistically significant.  
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4. RESULTS 
4.1 NETs formation 
Human neutrophils stimulated with S. japonicum eggs induce the in vitro formation of NETs [17]. 
To determine which broad components elicite NETs, whole eggs (including insoluble components) 
and different egg fractions - whole soluble protein (SEA) and excreted/secreted (ES) soluble 
proteins - were isolated and incubated with human neutrophils. Human neutrophils co-cultured with 
PMA (positive control), whole S. japonicum eggs, SEA and egg ES proteins at various time-points, 
were stained with DAPI to assess the release of NETs. Thin, elongated extracellular fibres 
originating from neutrophils were detected after 4 h incubation with PMA (Figure 1B), eggs (Figure 
1E) and SEA (Figure 1H). NETs were also observed to form in overnight cultures of PMA (Figure 
1C), eggs (Figure 1F) and SEA (Figure 1I). The release of NETs was not observed when 
neutrophils were co-cultured with egg ES proteins (Figure 1J-L). Neutrophils stimulated for 1 h 
remained intact (Figure 1A, D, G), and had comparable morphology to unstimulated neutrophils 
(Figure M-O). Since egg ES did not stimulate NET release, this treatment regime was not further 
investigated.  
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Figure 1. The in vitro release of NETs under different conditions. Extracellular fibres composed 
of DNA and histones were detected in PMA- (B and C), S. japonicum egg- (E and F) and SEA- (H 
and I) stimulated neutrophils after 4 h (B, E and H) and overnight (C, F and I) incubation as 
indicated by DAPI staining (arrows). Neutrophils at 1 h post-stimulation remained intact (A, D and 
G). NETs were not detected in egg ES protein-stimulated neutrophils (J-L) and in unstimulated 
neutrophils (M-O). Arrowhead in panel (D-F) indicates S. japonicum egg. Scale bar = 100 µm. 
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4.2 Pro-inflammatory cytokine and chemokine expression in neutrophils 
To examine the expression of pro-inflammatory cytokines and chemokines in neutrophils 
stimulated with PMA, S. japonicum eggs and SEA, real-time PCR was performed. Whole egg-
treated neutrophils showed a significant increase in the gene expression of pro-inflammatory 
cytokines (IL-1α, IL-1β and IL-8) at 4 h as compared with unstimulated neutrophils at the same 
time-point (Figure 2A, B and C). The expression of IL-1α was the highest (33-fold) followed by IL-
8 (14-fold) and IL-1β (4-fold). Furthermore, the expression of both IL-1α and IL-1β in egg-treated 
neutrophils at 4 h was significantly higher than in PMA-treated neutrophils, indicating that 
S. japonicum eggs are a more potent stimulator of the inflammatory potential of neutrophils than 
PMA. 
 
Similarly, expression of the proinflammatory chemokines CCL3, CCL4 and CXCL2 at 4 h was 
significantly higher in egg-treated neutrophils compared with unstimulated neutrophils, reaching ~ 
4 – 5 fold increase after 4 h incubation (Figure 2D, E and F). In contrast, there was no significant 
difference in the level of these cytokines and chemokines in SEA-stimulated neutrophils compared 
with unstimulated controls. No amplification was observed when primers were tested against 
S. japonicum egg cDNA indicating that these cytokines and chemokines were expressed by 
neutrophils (Data not shown).  
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Figure 2. Pro-inflammatory cytokines and chemokines level in neutrophils. The transcriptional 
level of cytokines (IL-1α, IL-1β and IL-8) in panel A-C and chemokines (CCL3, CCL4 and 
CXCL2) in panel D-F in neutrophils post PMA-, S. japonicum egg- and SEA-stimulation were 
measured by real-time PCR. Gene expression was presented as fold change relative to human 
housekeeping genes, β-actin. Data represent mean ± SEM from two independent experiments (* p ≤ 
0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001). Asterisk symbols shown in the graph which 
represented values of significant different referred only to groups/ time-points indicated. Other 
groups/ time-points which were also statistically different were not indicated in the graph. 
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4.3 Detection of nuclear and mitochondrial DNA content 
As NETs are composed of DNA, PCR was performed to determine the presence of DNA in the 
supernatant of PMA-, egg- and SEA-stimulated neutrophils, by amplifying both nuclear (GAPDH) 
and mitochondrial (CO1) genes (Figure 3). The level of GAPDH in egg-treated media peaked at 4 h 
and was significantly higher when compared with both PMA-treated and unstimulated media. The 
level of CO1 in egg-treated media, in contrast, peaked at 1 h, and was significantly higher (p < 
0.01) compared with the corresponding time-points of unstimulated control. Together these results 
indicate that both nuclear and mitochondrial DNA was released by neutrophils upon stimulation 
with S. japonicum eggs, mirroring that observed in PMA stimulated cells. No detectable 
amplification was observed when the primers for GAPDH and CO1 were tested against 
S. japonicum egg cDNA (Data not shown).  
 
 
Figure 3. PCR of nuclear and mitochondrial genes. (A). The DNA content in the culture 
supernatant of PMA-, S. japonicum egg-, and SEA-treated neutrophils at various time-points was 
determined by amplifying nuclear [Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)] and 
mitochondrial [Cytochrome c oxidase subunit 1 (CO1)] gene. (B). Bar diagram shows the intensity 
of both GAPDH and CO1, as quantified using ImageJ. Data was presented as mean ± SEM from 
two independent experiments (** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001). 
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4.4 MMP-9 production 
Hemorrhagic shock-induced trauma causes the release of mitochondrial DNA that can activate the 
inflammatory phenotype of neutrophils characterised by the release of MMP-9 [26]. MMP-9 is 
stored in the granules of neutrophils and is released during inflammation [27]. To determine if the 
release of mitochondrial DNA by egg-treated neutrophils coincided with the production of MMP-9, 
gelatin zymography assay was performed. Both forms of MMP-9 with functional gelatinase activity 
were detected in PMA-, egg- and SEA-treated medium (Figure 4A). There was no significant 
change in the level of pro-MMP-9 in treated neutrophils over time. However, the level of MMP-9 in 
egg-treated medium increased significantly when compared to all of the corresponding time-points 
of unstimulated controls (Figure 4B). The level of MMP-9 in SEA-treated medium only showed 
significant increase after 1 hour and overnight stimulation when compared to unstimulated medium. 
These findings indicated that mitochondrial DNA released by neutrophils upon stimulation has the 
potential to activate the inflammatory phenotype of neutrophils including the release of MMP-9. 
 
 
Figure 4. Matrix metalloproteinase activity of neutrophils as demonstrated by gelatine 
zymography. (A). Bands of pro MMP-9 and active MMP-9 were detected in PMA-, S. japonicum 
egg-, and SEA-treated media at all time-points. Collagenase B from Clostridium histolyticum was 
used as a positive control. (B). Quantification of the intensity of pro MMP-9 and MMP-9 
gelatinolytic activity. Data was presented as mean ± SEM from two independent experiments (* p ≤ 
0.05, ** p ≤ 0.01). 
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4.5 The effect of NETs on Schistosoma eggs 
As neutrophils release NETs in response to S. japonicum eggs, the effect of NETs on eggs was 
determined by measuring the hatching rate of eggs following the formation of NETs. Our results 
showed that NETs did not induce the killing of schistosome eggs as the hatching rates of eggs 
incubated with neutrophils stimulated either with or without PMA did not differ significantly when 
compared to eggs alone (no neutrophils control) (Figure 5A). The health of schistosome eggs was 
further supported by visualisation of nuclei of the miracidium within the eggs, even after the eggs 
were trapped within a mesh of NETs (Figure 5B). Together these results suggest that NETs do not 
have an immediate (overnight) killing effect on schistosome eggs. 
 
 
Figure 5. The hatching rate of S. japonicum eggs following NETs formation. (A). The hatching 
rate of eggs incubating with neutrophils and PMA, of which after NETs formation (arrowed) were 
observed (B), did not differ significantly (p > 0.05) from the culture containing eggs (arrowhead) 
only (C). Left: unhatched egg; Right: hatched egg. Scale bar = 100 µm. Data was presented as mean 
± SEM from two independent experiments; ns = not significant. 
 
 
 
A
C
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5. DISCUSSION 
We have previously shown that neutrophils localise to the core of S. japonicum egg-induced hepatic 
granuloma where they cause local inflammation and tissue damage through the secretion of pro-
inflammatory cytokines [17]. Our current study further characterises the interplay between 
neutrophils and S. japonicum eggs, and the molecular and cellular events that lead to the induction 
of an inflammatory phenotype. We hypothesise that neutrophils in contact with S. japonicum eggs 
release NETs and exhibit increased mRNA expression of key pro-inflammatory cytokines and 
chemokines (Figure 6). The inflammatory potential of neutrophils in this setting was further 
emphasised by the production of MMP-9, a protease produced during inflammation [28]. These 
events may thus represent the in vivo situation of hepatic granuloma induced during S. japonicum 
infection, and they provide preliminary insights into possible mechanisms by which acute 
inflammation is initiated in schistosomiasis through the innate immune response. 
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Figure 6. Potential mechanisms of how neutrophils contribute to inflammation in 
schistosomiasis japonica. The insoluble factor (insoluble components of schistosome egg antigens) 
of S. japonicum eggs contribute to the up-regulated expression of pro-inflammatory cytokines and 
chemokines in neutrophils. The release of mitochondrial DNA from both the soluble (SEA) and 
insoluble elements of eggs leads to the production of MMP-9, which has an inflammatory effect. 
Neutrophils stimulated by the parasite eggs and SEA release NETs, may further promote the 
inflammatory response. This proposed in vitro model reflects the initiation, and the processes 
leading to inflammation in vivo, which precedes the formation of granulomas in hepatic 
schistosomiasis. 
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NETs are web-like structures composed of decondensed chromatin and histones released by 
activated neutrophils. NETs are thought to be involved in pathogen trapping, based on studies of 
various pathogens, including bacterial [4], fungal [29], parasitic [30] and viral [31] infection; and 
more recently a role in autoimmune disease [32], systemic infection [33] and cancer [34] has been 
identified. The formation of extracellular DNA fibres is not restricted to neutrophils, since 
eosinophils [35], mast cells [36] and macrophages [37] have also been reported to release 
extracellular traps. The process of NETs formation is NADPH oxidase-dependent [38], and NETs 
can be released through a vesicular-mediated mechanism that usually occurs within 30-60 minutes 
post activation, or by cell lysis which requires at least 3 – 4 hours following stimulation, depending 
on the dose of the activator [33]. We have previously reported the formation of NETs in response to 
a first non-protozoan parasite, where NETs are released by neutrophils resident in the core of 
S. japonicum-induced hepatic granuloma [17]. Here, we found that neutrophils stimulated by 
S. japonicum eggs in vitro generated NETs 4 hours post stimulation, suggesting that NETs released 
in this context occurred via the cell lysis mechanism. In addition, the presence of neutrophil nuclear 
DNA was also detected in the culture supernatant of PMA-, egg-, and SEA-stimulated neutrophils, 
with the concentration gradually increasing with time, further indicating the release of NETs in this 
context. Although low levels of nuclear DNA were also detected in the media of unstimulated 
neutrophils, their expression was significantly lower than those of egg-stimulated cells, and may 
represent cell lysis under from the in vitro conditions used. Our results also showed that the ES 
proteins secreted by schistosome eggs did not induce the formation of NETs, possibly indicating 
that NET-inducing factors are likely to be on the surface of the egg and in soluble but not secreted 
proteins. Previous studies have documented the abundant presence of the Lewis X carbohydrate 
epitope on the surface of S. mansoni eggs [39] and, more recently, a host plasma glycoprotein, von 
Willebrand factor (vWF), was shown to bind to the eggshell of S. mansoni [40]. However, these 
components might not serve as factors stimulating NETs release, as we have previously shown that 
the eggs of S. mansoni failed to induce NETs [17]. Furthermore, in contrast to the anti-pathogenic 
effect NETs have on other disease states [4], we found that NETs do not kill schistosome eggs. 
Instead of the immediate killing effect exerted by NET antimicrobial proteins, NETs, released in 
response to schistosome eggs in an active infection, might only immobilise or restrict the movement 
of eggs.  
 
We postulate that, although NETs are not involved in the killing of schistosome eggs, they might 
have an indirect effect in causing inflammation and local damage within the core of S. japonicum-
induced hepatic granulomas. NETs have been shown to exhibit inflammatory effects by inducing 
the release of pro-inflammatory cytokines from platelets [41] and it is now recognised that 
CHAPTER 3 
85 
 
neutrophils, following appropriate stimulation, secrete a broad array of cytokines to orchestrate 
inflammation during infection [42-44]. Previously reported pro-inflammatory cytokines known to 
be expressed by neutrophils include IL-1α, IL-1β, IL-8, TNF-α, IL-6, IL-7, IL-9, IL-16, IL-17 and 
IL-18 [42, 43]. In this study, we found that IL-1α, IL-1β and IL-8 were produced by neutrophils 
stimulated with S. japonicum eggs, which is consistent with our previous findings showing the up-
regulation of these cytokines in the neutrophil-rich core of hepatic granuloma during 
schistosomiasis [17]. Both IL-1β and IL-8 have been reported to be involved in the enhanced 
release of NETs in patients suffering from systemic inflammatory response syndrome [23]. IL-1β 
was also shown to be associated with NETs formation in patients presenting with gout [45]. IL-1β is 
also implicated in the induction of mast cell extracellular trap formation [46]. Here, we show that 
SEA-induced NETs release did not show an increased expression of IL-1β and IL-8, contrasting 
with the release of NETs induced by whole egg that showed increased gene expression of these two 
cytokines. This observation suggests that the mechanism of NETs formation driven by eggs, which 
contributes to IL-1 and IL-8 signalling, comes from an interaction with an insoluble element or egg 
shell bound component(s). 
 
Additionally, we demonstrated a significant increase in the transcription of the chemokines CCL3, 
CCL4 and CXCL2 in egg-stimulated neutrophils. These chemokines have been shown by others to 
be secreted by neutrophils under in vitro and in vivo conditions [42, 43]. Neutrophil-secreted CCL3 
was reported to be involved in the recruitment of dendritic cells (DC) in leishmaniasis [47]. 
Furthermore, in schistosomiasis, CCL3 has also been linked to the formation of pulmonary 
granulomas [48] and its level is increased in the plasma of patients suffering from S. mansoni 
infection [49]. CCL4, as well as CCL3, also serves as a potent monocyte chemoattractant [50-52]. 
Both CXCL2 and CCL3 are also involved in the mediation of neutrophil recruitment to the site of 
infection [53-55]. We have also previously reported that the gene expression of CCL3, CCL4 and 
CXCL2 is up-regulated within the neutrophil rich cores of S. japonicum-induced hepatic 
granulomas [17]. Together these results suggest a role for these chemokines in the induction of 
monocyte, DC and neutrophil recruitment, and imply the migration of these cells in the in vivo 
situation of schistosome egg hepatic granuloma. 
 
In addition to the production of cytokines and chemokines, the release of MMP-9 by neutrophils 
further enhances the inflammatory response in this current system. It has been shown that 
mitochondrial DNA activates neutrophils to release MMP-8 and MMP-9 via toll-like receptor 9 
(TLR9), and that these metalloproteinases in turn, induce the development of an inflammatory 
phenotype [26]. Neutrophils secrete MMP-9 following stimulation [56] and MMP-9 has been 
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reported to be involved in several inflammatory airway diseases [57]. The role of MMP-9 in 
inflammation could be observed with the increased level of MMP-9 in the serum of asthmatic 
patients [58] and those suffering chronic obstructive pulmonary disease [59]. In addition, the serum 
level of MMP-9 also correlated with the degree of inflammation in patients with chronic hepatitis C 
[60]. Mitochondrial DNA also causes in vivo hepatic inflammation during hemorrhagic shock [26]. 
The presence of mitochondrial DNA in the culture supernatants and the in vitro release of MMP-9 
by stimulated neutrophils could thus serve as an indication of the occurrence of similar, at least 
partially undesirable inflammation, which is clearly associated with granuloma formation in hepatic 
schistosomiasis. 
 
In summary, we present here an expanded understanding of the interplay between neutrophils and 
S. japonicum eggs. We have demonstrated key molecular and cellular processes leading to the 
eventual development of an inflammatory response which is associated with the earliest stages of 
egg deposition. Our results show that S. japonicum eggs are capable of inducing the up-regulation 
of pro-inflammatory cytokine expression in neutrophils and are able to generate release of NET 
structures. The significant release of mitochondrial DNA by neutrophils leads to increased MMP-9 
production which contributes to the development of an inflammatory phenotype which mirrors the 
in vivo situation of schistosome-induced granuloma. Future experiments should consider the use of 
NET-depleted mice [61] in order to examine the cellular recruitment and activities that occur in the 
absence of the NETs formation identified in this study.  
 
Many of our observation presented here confirm past studies which have only focused on the 
formation of NETs in response to bacterial pathogens [4]. The current study builds significantly on 
our previous report of the first observation of NETs responding to a non-protozoan pathogen, that is 
S. japonicum eggs in the host liver [17]. We can now report that many of the features of NET 
formation previously noted in response to bacteria are shared when human neutrophils come into 
contact with S. japonicum eggs. Schistosomes are a major metazoan pathogen of humans, and as the 
central cause for pathology in over 200 million people, deserve the most complete understanding of 
the immunological responses that both limit and induce pathology. 
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CHAPTER 4: CHARACTERISING HOST GENE EXPRESSION DURING RECOVERY 
FROM HEPATIC SCHISTOSOMIASIS JAPONICA 
 
1. ABSTRACT 
In schistosomiasis japonica and mansoni, the egg-induced granulomatous response and the 
development of extensive hepatic fibrosis is the main pathology. Information regarding the specific 
mechanisms associated with granuloma regression and the subsequent recovery events in the host 
liver are still limited. In this study, a murine model of schistosomiasis japonica was used to 
characterise the multicellular pathways occurring during liver regeneration. Schistosoma 
japonicum-infected C57BL/6 mice were treated with the drug praziquantel (PZQ), on a daily basis 
for five consecutive days to eliminate all adult parasites and stop the deposition of new eggs. 
Cellular infiltration and pathological changes in the liver were examined after 3, 6 and 7 weeks of 
PZQ treatment. PZQ treatment significantly reduced the degree of splenomegaly, granuloma 
density and liver fibrosis. The infiltration of inflammatory cells, including neutrophils, eosinophils 
and macrophages to the liver were also significantly decreased. Transcriptomic analysis revealed 
the significant up-regulation of fatty acid metabolism genes and the identification of peroxisome 
proliferator-activated receptor alpha (PPAR-α) as the upstream regulator during the process of liver 
recovery. Aryl hydrocarbon receptor (AhR) signalling pathway that is involved primarily in the 
regulation of hepatic enzymes responsible for xenobiotic metabolism was also differentially up-
regulated. These findings confirm prior work suggesting that schistosome egg-induced fibrogenesis 
process is reversible, and provide a better understanding of the mechanisms associated with 
regression of hepatic schistosomiasis. These results hold important implications for the future 
alleviation of this and other fibrotic diseases of clinical significance. 
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2. INTRODUCTION 
Schistosomiasis is a chronic helminth disease of humans caused by digenean trematodes of the 
genus Schistosoma. Although this disease has been successfully controlled in many countries, it still 
remains a major threat to public health as approximately 200 million people in over 74 countries are 
affected, of whom 20 million have severe disease [1, 2]. Chronic infection with Schistosoma 
japonicum ranges from mild hypersensitivity reactions to granuloma formation, periportal fibrosis, 
portal hypertension, porto-caval shunting, and bleeding from gastrointestinal varices, which may be 
fatal [3, 4]. Pathology associated with schistosome infection is attributed to the host CD4+ Th2 
response, with both IL-4 and IL-13 the dominant cytokines responsible for this granulo-fibrotic 
pathology [5]. Chemokines and their receptors have also been shown to play an important role in 
the development of schistosome egg-induced granuloma formation [6].  
 
Current control efforts made against schistosomiasis, rely solely on the drug praziquantel (PZQ). 
PZQ is effective against adult schistosomes and the early stage of schistosomula, but show less 
efficacy against intermediate stages [7]. The pharmacological actions of PZQ on adult schistosomes 
are linked to the disruption of worm tegument, and this effect is known to be calcium-dependent 
[8]. PZQ kills mature eggs, and also stimulates the hatching of eggs to miracidia in vivo [9]. 
Immature eggs are not killed by PZQ, and continue to develop into mature eggs, which are later 
degenerated into calcified eggs [9, 10]. In addition to its anti-helminth effect, PZQ is reported to 
have anti-inflammatory properties [11] where PZQ administration significantly reduces granuloma 
area; the number of inflammatory cells within the granulomas [12, 13]; and the levels of 
inflammatory cytokines in the blood [14]. PZQ treatment successfully reversed hepatic fibrosis in 
patients suffering from schistosomiasis mansoni [15], and can also reverse pulmonary hypertension 
and vascular remodelling in a murine model of S. mansoni infection [16].    
 
Transforming growth factor beta (TGF-β) is known to be involved in the process of liver 
regeneration after partial hepatectomy, as indicated by the increases of mRNA levels [17], and it 
also plays a role in hepatocyte proliferation in the regenerating liver [18]. In schistosomiasis, the 
regression of hepatic granuloma and the down-modulation of the Th2 response were thought to be 
mediated by IL-10 secreting T regulatory cells [19], and more recently, the role of IL-13Rα2 in the 
resolution of fibrosis has been reported [20]. However, the specific mechanisms leading to liver 
recovery is still not clear, especially when compared with what is known regarding the acute and 
chronic phases of the disease. In this current chapter, a murine model of S. japonicum infection 
treated with PZQ was employed to comprehensively survey the differential gene expression related 
to cellular regeneration and wound repair in livers recovering from hepatic schistosomiasis. 
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3. MATERIALS AND METHODS 
3.1 Ethics Statement 
All animal studies were conducted with the approval of the QIMR Berghofer Medical Research 
Institute Animal Ethics Committees under project number P288.  
 
3.2 Parasites and Mouse Infection  
A total of 42 four to six week old female C57BL/6 mice (n = 6 per group) were percutaneously 
infected with 14 ± 1 S. japonicum cercariae (Chinese mainland, Anhui population). An additional 
18 C57BL/6 mice were used as uninfected controls.  
 
3.3 Drug Administration  
The mice were divided into groups designated as: PZQ-treated, S. japonicum-infected mice (PI; 
n=18); untreated, infected mice (NI; n=24); PZQ-treated, uninfected mice (PU; n=12); and 
untreated, uninfected mice (NU; n=2). A group of 6 infected mice was euthanised at 6 weeks post 
infection (p.i.) before the commencement of PZQ treatment, to provide a baseline indication of the 
degree of fibrosis. Mice receiving PZQ treatment (Group PI and PU) were orally administered 150, 
200, 250, 300 and 350 mg/kg PZQ prepared in 2.5% Cremophor EL for five consecutive days at 7 
weeks p.i. Untreated (Group NI), PZQ-treated (Group PI) and the PZQ-treated, uninfected mice 
(Group PU) were then euthanised after a further 3, 6 and 7 weeks post PZQ treatment (10, 13 or 14 
weeks post cercarial challenge, respectively) (Figure 1). The efficacy of PZQ is doubled when the 
total dose is split into multiple fractional doses as compared to a single dose [21]. It was previously 
reported that S. japonicum-infected mice receiving a single dose of 500 mg/kg PZQ dosage 
exhibited signs of an immediate intestinal anaphylactic reactions that led to death as a result of the 
immense release of parasite egg antigens due to the in vivo hatching of eggs stimulated by the 
action of PZQ [22]. Thus, to minimise the amount of egg antigenic release as an effect of PZQ 
administration in this experiment, S. japonicum-infected mice were initially treated with a low dose, 
followed by an increasing dosage of PZQ to eliminate the parasites, and to ensure the survival of the 
host. 
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Figure 1. Diagrammatic overview of infection and PZQ administration in a murine model of 
schistosomiasis japonica. C57BL/6 mice were infected with 14 ± 1 S. japonicum cercariae, and 
were first euthanised at 6 weeks p.i. before the commencement of PZQ to provide a baseline 
indication of the degree of fibrosis. Another group of infected mice were administered an increasing 
dosage of PZQ (Group PI) over five consecutive days at 7 weeks p.i. Uninfected mice were also 
treated with PZQ (Group PU) to assess the hepatotoxic effect of the drug. Untreated (Group NI), 
PZQ-treated (Group PI) and the uninfected mice (Group PU) were further enthanised at 10, 13, 14 
weeks p.i. NU group (not included into this figure) represents the uninfected mice that do not 
receive PZQ treatment. 
 
3.4 Pathological Assessment 
The portal veins of mice were perfused to obtain adult worms, and mouse livers and spleens 
collected for the assessment of the degree of hepatosplenomegaly. The number of adult worm pairs 
in each mouse, and the total mass of liver and spleen were recorded. To determine hepatic egg 
burden, a weighed portion of the liver was digested with 4% potassium hydroxide (w/v) and then 
re-suspended in 10% formalin (v/v) at 4ºC for calculation of the number of eggs per gram (EPG) as 
described [23]. Faeces were collected one week before PZQ administration to confirm the presence 
of parasite eggs and that the mice were infected. Faeces were again examined one week after PZQ 
treatment to ensure that treatment was effective. Faeces were firstly fixed with 10% formalin (v/v) 
and digested with 4% potassium hydroxide (w/v) before fixation in 5 ml of 10% formalin (v/v) at 
4ºC for the examination of faecal eggs. 
 
3.5 Histological Assessment 
A small lobe of the liver was excised separately and fixed in 10% (v/v) formalin overnight at 4ºC 
for histopathology analysis. Formalin-fixed, paraffin-embedded liver tissues from all mice were 
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6
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sectioned and stained with Hematoxylin and Eosin (H&E) to assess the percentage of granuloma 
density, and Sirius Red for collagen to measure the degree of hepatic fibrosis. Leder and Giemsa 
staining were performed to measure neutrophil and eosinophil infiltration of the liver, respectively. 
Quantitation of eosinophil and neutrophil infiltration was carried out by determining the average 
number of positive-stained cells over 20 fields at high magnification as previously described [23]. 
Macrophage recruitment was evaluated by F4/80 immunostaining and quantitated using Aperio’s 
Spectrum Plus software Positive Pixel Count Algorithm [24]. All slides were digitised using the 
Aperio Slide Scanner (Aperio Technologies, Vista, USA). 
 
3.6 Total RNA Isolation 
Total RNAs from all liver samples were isolated using Trizol and a RNeasy Mini Kit (Qiagen, 
Valencia, USA) following the manufacturer’s instructions. Total RNA quantity was measured using 
a Nanodrop-1000 spectrophotometer (Nanodrop Technologies, Wilmington, USA) and RNA 
quality was assessed using an Agilent Bioanalyzer (Agilent Technologies, Foster City, USA). 
 
3.7 Microarray Analysis 
3.7.1 cRNA Synthesis and Whole Genome Microarray Hybridisation 
Complementary RNA (cRNA) was synthesised using the Illumina Total Prep RNA Amplication kit 
(Ambion, Austin, USA). Microarray analyses were performed using Illumina Mouse Ref-8 Version 
2 whole genome expression arrays, and scanned using an Illumina BeadStation (Illumina, San 
Diego, USA). Three biological replicates (mice per group) were selected and used to run the arrays 
on the basis of similarity in terms of egg burden and hepatic pathology. All gene expression data 
have been submitted to NCBI’s Gene Expression Omnibus and are publicly available (Series 
accession number, GSE59276). 
 
3.7.2 Feature Extraction & Data Analysis 
Quality control of microarray data was performed using GenomeStudio (Illumina) by visually 
inspecting histograms of signal intensity, hybridisation efficiency and experimental noise. All 
subsequent data analysis was carried out using GeneSpring GX Version 11 (Agilent Technologies, 
Foster City, USA). All expression values were first normalised to the median of all samples. 
Normalised data was then filtered for significant signal on the basis of detection score of d≥0.95 
(which equates to a confidence value of p≤0.05). A Student’s t test (p≤0.05) was performed to 
identify differentially expressed genes in the PZQ-treated (Group PI) compared to untreated, 
infected mice (Group NI) at each corresponding time-point. Probes for genes whose expression 
changed significantly in the untreated, infected livers (Group NI) were analysed using One-Way 
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Analysis of Variance (p≤0.05) with Benjamini and Hochberg correction for multiple testing. An 
arbitrary cut off of ± two-fold change in expression was applied to all comparisons. A less stringent 
± 1.5 fold cut off was employed for the comparison between PZQ-treated, uninfected mice (Group 
PU) and untreated, uninfected mice (Group NU). Gene ontology analysis was performed using 
GeneSpring to identify genes with biological significance. 
 
3.7.3 Ingenuity Pathway Analysis 
Ingenuity Pathway Analysis (IPA) software (www.ingenuity.com) was used to investigate the 
functional relationship of differentially expressed genes between untreated (Group NI), PZQ-treated 
(Group PI) and the uninfected controls (Group PU). Gene lists for each comparison and 
corresponding expression values were analysed using the “Core Analysis” function to identify 
networks, canonical pathways, upstream regulators and molecular or cellular functions associated 
with the chronic progression and the recovery phase of the disease. 
 
3.8 Real-Time PCR 
Complementary DNA (cDNA) was synthesized using a Quantitect Reverse Transcription kit 
(Qiagen, Valencia, USA) and cDNA concentration quantified using a Nanodrop-1000 
spectrophotometer (Nanodrop Technologies, Wilmington, USA). Real time PCR was performed 
using SYBR Green master mix (Applied Biosystems, Warrington, UK) on a Corbett Rotor Gene 
6000 (Corbett Life Sciences, Concorde, Australia). Hypoxanthine phosphoribosyltranferase (HPRT) 
was used as a housekeeping gene as described [25]. Real time PCR (qRT-PCR) was used to validate 
a subset of microarray data representing those transcripts that are significantly expressed (up or 
down-regulated) by microarray analysis. Primers for qRT-PCR were designed using Primer 3 
software (http://biotools.umassmed.edu/bioapps/primer3_www.cgi) and are listed in Supplementary 
Table 1. 
 
3.9 Statistical Analyses 
Statistical analyses of histological and pathological data were performed using GraphPad Prism 
Version 6.0 (GraphPad Software, San Diego, USA). Changes in parasitological and histological 
data of untreated group were assessed by One-Way ANOVA, whereas Two-Way ANOVA with 
Tukey post hoc testing (p≤0.05) was used to examine changes in PZQ-treated group (Group PI) 
compared with untreated (Group NI) and uninfected group (Group PU). The correlation between 
microarray data and real-time PCR was measured using Spearman’s correlation in GraphPad Prism 
Version 6.0 as previously reported [26].  
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4. RESULTS 
4.1 Histopathological Features 
Uninfected mice (Group PU and NU) showed normal hepatic lobular architecture (Figure 2A). 
Schistosome eggs were observed in the liver at 6 weeks p.i. and were surrounded by a dense 
population of neutrophils. This layer was in turn surrounded by a population of macrophages within 
a band of proliferating fibrovascular tissue (Figure 2B). At 10 weeks p.i., the eggs were surrounded 
by a dense population of macrophages interspersed by small numbers of dense aggregates of 
neutrophils with a further ring consisting of a dense population of lymphocytes occurred at the 
periphery of these granulomas (Figure 2C). At 13 and 14 weeks p.i., most of the eggs were calcified, 
and were surrounded by varying proportions of lymphocytes, fibrosis in a collagenous stroma and 
macrophages, including a number of multinucleated giant cells (Figure 2D - E). The granulomas of 
PZQ-treated mice (Group PI) predominantly contained remnants of egg shells, were less cellular, 
and were surrounded by concentric bands of fibrous tissue (Figure 2F – H).  
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Figure 2. Histopathological features of S. japonicum egg-induced hepatic granuloma in 
C57BL/6 mice before and after PZQ treatment. (A). Uninfected liver shows normal tissue 
architecture. (B). Schistosome eggs were surrounded by a dense population of neutrophils, and 
rimmed by macrophages within a band of proliferating fibrovascular tissue at 6 weeks p.i. (C). A 
dense population of macrophages together with a small number of neutrophils were detected in the 
core of granuloma surrounding the parasite eggs at 10 weeks p.i. There is a dense population of 
lymphocytes making up the outer rim (arrows). (D - E). Granuloma formed at 13 and 14 weeks p.i. 
showed varying proportions of lymphocytes, fibrosis in a collagenous stroma and macrophages. A 
variable population of neutrophils is scattered through this area. Most of the eggs at these stages 
were calcified. Granuloma regression in PZQ-treated mice (Group PI) after 3 (F), 6 (G), and 7 (H) 
weeks of PZQ treatment started to decrease in size and showed reduced cellular infiltration. 
Formalin-fixed, paraffin-embedded liver sections stained with hematoxylin and eosin. Scale bar = 
100 µm. 
 
4.2 Parasitological and Histological Analyses 
There were 2 or 3 adult S. japonicum worm pairs in each infected mouse (Figure 3A). Positive 
infections were confirmed prior to PZQ treatment using copro-microscopic examination. Daily 
administration of increasing dosages of PZQ for five days successfully eliminated all the adult 
parasites (2-Way ANOVA, p≤0.001), as determined by faecal examination and eventual worm 
counts at the point of host sacrifice. The infected liver of untreated mice (Group NI) attained 
highest weight at 10 weeks p.i., and decreased significantly at 14 weeks p.i. (1-Way ANOVA, 
p≤0.05) (Figure 3B). There was no significant difference in the liver weights of untreated (Group 
NI) compared to PZQ-treated mice (Group PI) at any time-points. The total spleen weight of 
untreated mice (Group NI) increased significantly from 6 weeks p.i. onwards (1-Way ANOVA, 
p≤0.001). There was a significant reduction in the spleen weight of PZQ-treated mice (Group PI) 
after 3, 6, and 7 weeks of PZQ treatment when compared to the untreated mice (Group NI) (2-Way 
ANOVA, p≤0.0001). The spleen weight of PZQ-treated (Group PI) and uninfected controls (Group 
PU) did not differ significantly after 6 and 7 weeks post PZQ treatment, indicating the drug effect in 
restoring spleen function.  
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Figure 3. Parasitological and pathological comparisons between untreated (Group NI), PZQ-
treated (Group PI) and uninfected mice (Group PU). (A). No worms were detected in mice after 
PZQ-treatment at all time-points. (B). There was no significant difference in the liver weight of 
PZQ-treated (Group PI) and untreated mice (Group NI) at any time-point. The degree of 
splenomegaly in the PZQ-treated mice (Group PI) reduced significantly following drug treatment. 
(C). The number of egg clusters in the PZQ-treated mice (Group PI) was greatly reduced after 3 and 
7 weeks of PZQ treatment. (D). Hepatic egg burden did not differ significantly between PZQ-
treated (Group PI) and untreated groups (Group NI). Statistical significance between groups was 
determined using 2-Way ANOVA with Tukey post hoc tests. Data was presented as mean ± SEM 
(n = 6) * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Hepatic egg burden increased significantly in untreated mice (Group NI) from 6 weeks p.i. 
onwards, reaching an average of 72000 eggs per gram of the liver (Figure 3D) (1-Way ANOVA, 
p≤0.01). There was no significant difference in the number of eggs in the liver of PZQ-treated 
(Group PI) and untreated mice (Group NI) at any time-point. A significantly higher number of egg 
clusters were present in the infected liver of untreated mice (Group NI) at 10 weeks p.i. compared 
to 6 week p.i. (1-Way ANOVA, p≤0.001), and decreased significantly thereafter at 13 weeks p.i. (1-
Way ANOVA, p≤0.05) (Figure 3C). The distribution of egg clusters in PZQ-treated mice (Group 
PI) reduced significantly after 7 weeks of PZQ treatment compared to the untreated group (Group 
NI) (2-Way ANOVA, p≤0.01), and no significant difference was observed in egg clustering of 
PZQ-treated (Group PI) and uninfected mice (Group PU) after 6 and 7 weeks of PZQ treatment. 
 
Granuloma density was significantly greater in untreated mice (Group NI) compared to PZQ-treated 
mice (Group PI) (2-Way ANOVA, p≤0.05) (Figure 4A – D). In untreated mice (Group NI), 
granuloma area reached 31.9%, 18.2% and 22% of the total liver area at 10, 13, and 14 weeks p.i., 
respectively, as compared with those in PZQ-treated mice (Group PI), in which granuloma area was 
9.1%, 6.1% and 3.5%, respectively. The area of granulomas in the PZQ-treated mice (Group PI) did 
not differ significantly from the uninfected mice (Group PU). Fibrosis, as measured by Sirius red 
staining for collagen, was first observed in mature granulomas at 6 weeks p.i. and was also 
prominent around the portal vein of the liver. The extent of fibrosis, in the livers of untreated mice 
(Group NI), was significantly higher at 10 weeks p.i. compared to 6 weeks p.i. (1-Way ANOVA, 
p≤0.001) (Figure 4E – H). Fibrosis decreased from 10 – 14 weeks p.i. but this change was not 
significant. The fibrotic response in PZQ-treated mice (Group PI) was reduced significantly 
compared to that of untreated mice (Group NI) after 3 weeks of PZQ treatment (2-Way ANOVA, 
p≤0.01). The degree of fibrosis between PZQ-treated (Group PI) and uninfected mice (Group PU) 
did not differ significantly after 6 and 7 weeks of PZQ treatment, indicating the initiation of the 
healing response of the liver following drug treatment.  
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Figure 4. Cellular infiltration in the murine liver before and after PZQ treatment. Granuloma 
density (A – D; Hematoxylin & Eosin) of PZQ-treated group (Group PI) decreased significantly at 
all time-points post PZQ treatment. Collagen deposition (E – H; Sirius red) in PZQ-treated livers 
(Group PI) reduced significantly after 3 weeks of PZQ treatment, and no significant differences 
were observed at both 6 and 7 weeks post treatment, as compared with the untreated livers (Group 
NI). Macrophage, neutrophil, and eosinophil infiltration (I – L, F4/80+; M – P, Leder stain; Q – T, 
Giemsa stain) in the PZQ-treated livers (Group PI) decreased significantly post treatment. 
Neutrophil and eosinophil staining are shown in red. Scale bar = 100 µm. 
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F4/80 staining for macrophages indicated that macrophage infiltration in the livers of untreated 
mice (Group NI) peaked at 10 weeks p.i., reaching approximately 7.3% of total section area (Figure 
4I – L). Macrophages infiltration into untreated livers (Group NI) was significantly greater, with a 
mean of 7.3%, 5.9%, and 5.9% macrophages per total section area at 10, 13, and 14 weeks p.i. 
compared with 2.1%, 2.4% and 2.1% macrophages in treated livers (Group PI) (2-Way ANOVA, 
p≤0.05). There was no significant difference in the numbers of macrophages in the PZQ-treated 
(Group PI) and uninfected livers (Group PU) at any time-point.  
 
Neutrophil infiltration in the liver of untreated mice (Group NI) peaked at 10 weeks p.i. and 
decreased in numbers thereafter, as indicated by Leder staining (1-Way ANOVA, p≤0.01) (Figure 
4M - P). The recruitment of neutrophils to the recovering liver (Group PI) decreased significantly, 
with means of 14.9, 10.2, and 6.1 neutrophils per high power field (hpf) after 3, 6, and 7 weeks of 
PZQ treatment, as compared to the means of untreated livers (Group NI) of 58.5, 51.2, and 39.9 
neutrophils/hpf at similar time-points, respectively (2-Way ANOVA, p≤0.0001). There was no 
significant difference in the numbers of neutrophils in the PZQ-treated (Group PI) and uninfected 
livers (Group PU) after 6 and 7 weeks of PZQ treatment. 
 
Eosinophil infiltration, as indicated by Giemsa staining, peaked at 10 weeks p.i. and did not change 
in numbers thereafter (1-Way ANOVA, p≤0.05) (Figure 4Q – T). Eosinophil numbers in the PZQ-
treated liver (Group PI) (mean= 3.5 cells/hpf) were significantly lower than in untreated livers 
(Group NI) (mean= 18.7 cells/hpf) after 7 weeks of PZQ treatment (2-Way ANOVA, p≤0.05). 
There was no difference in eosinophil numbers between PZQ-treated (Group PI) and uninfected 
mice (Group PU) after 6 and 7 weeks of PZQ treatment.  
 
4.3 Microarray Analysis   
4.3.1 Data normalisation and filtration 
To examine global hepatic gene expression during the progression of S. japonicum infection (6 to 
14 weeks p.i.), normalised expression data for each of the 25,697 genes on the Illumina microarray 
were filtered for significant signal and normalised to uninfected controls (Group NU) reducing the 
data set to 11,872 genes. Of these, 1,830 genes were shown to be differentially expressed with a ± 
2-fold change in at least one individual sample at each time-point (1-Way ANOVA, p≤0.05). 
Transcriptional changes in the recovering liver (Group PI) after 3, 6, and 7 weeks of PZQ treatment 
were examined, by normalising the 25,697 genes on the array platform to each of the untreated 
samples (Group NI) at the same time-points. This reduced the data set to 516, 402, and 1,099 
differentially expressed genes with a ± 2-fold change after 3, 6, and 7 weeks of PZQ treatment, 
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respectively. For the assessment of gene changes due to PZQ alone, data for uninfected-PZQ treated 
mice (Group PU) were filtered and normalised to the uninfected control without PZQ treatment 
(Group NU). This reduced the data list from 25,697 to 10,758 genes, of which seven genes were 
shown to be significantly up-regulated with a ± 1.5-fold change. None of these genes were 
differentially expressed by more than 2-fold (Supplementary Table 2). 
 
4.3.2 Genes differentially up-regulated during the chronic progression of S. japonicum infection 
Ingenuity Pathway Analysis revealed that genes significantly up-regulated more than 2 fold 
(p≤0.05) during the chronic progression of S. japonicum infection at 6, 10, 13, and 14 weeks p.i. 
compared with the uninfected liver, were primarily related to IL-8 signaling (Table 1) and the 
dendritic cell (DCs) maturation pathway (Table 2). Expression of IL-8 associated genes 
Myeloperoxidase (MPO), Matrix Metalloproteinase 9 (MMP9), Myosin Light Chain Regulatory B 
(MYLC2B), and Arrestin Beta 2 (ARRB2) showed higher expression at 10 or 14 weeks p.i., 
paralleling increased granuloma density and collagen deposition at these time-points. Other 
representative genes of IL-8 signalling such as Chemokine (C-X-C motif) ligand 1 (CXCL1), IQ 
Motif containing GTPase Activating Protein 1 (IQGAP1), Interleukin-1 Receptor-associated Kinase 
3 (IRAK3), Vascular Cell Adhesion Molecule 1 (VCAM1), Phosphoinositide-3-Kinase, Regulatory 
Subunit 1 (PIK3R1), Related RAS Viral Oncogene Homolog (RRAS), Phospholipase D Family, 
Member 4 (PLD4), Ras Homolog Family Member B (RHOB), Intercellular Adhesion Molecule 1 
(ICAM1), Cystatin B (CSTB), and Cyclin D2 (CCND2), however, showed sustained up-regulation 
during the chronic phase of the disease.  
 
Genes associated with DC maturation pathways (Table 2) showed peaked expression at 6 weeks p.i. 
and included genes such as Fc receptors (FCGR3A, FCER1G, FCGR2A, FCER1G), Interleukin 1 
Beta (IL-1β), TYRO Protein Tyrosine Kinase Binding Protein (TYROBP), Phosphoinositide-3-
Kinase, Regulatory Subunit 1 (PIK3R1), Toll-like Receptor 2 (TLR2), Intercellular Adhesion 
Molecule 1 (ICAM1) and Interleukin 1 Receptor Antagonist (IL1RN).  
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Table 1. Genes associated with IL-8 signalling that were up-regulated during the progression of S. japonicum-infected C57BL/6 murine model 
at 6, 10, 13, and 14 weeks p.i., as normalised to the uninfected control. 
 
Probe ID Gene 
Symbol 
Definition Fold Change 
   6 wk 10 wk 13 wk 14 wk 
IL-8 Signaling       
ILMN_2763245 CXCL1 Chemokine (C-X-C motif) ligand 1 24.19 18.41 20.02 23.64 
ILMN_2925094/ 
2600421/2719256 
MPO Myeloperoxidase 12.97 16.29 4.67 23.52 
ILMN_2711075 MMP9 Matrix metallopeptidase 9 2.88 7.03 2.86 13.23 
ILMN_2654495 IQGAP1 IQ motif containing GTPase activating protein 1 7.89 6.37 4.16 8.17 
ILMN_1253972 IRAK3 Interleukin-1 receptor-associated kinase 3 3.89 3.83 3.26 4.43 
ILMN_2778655 VCAM1 Vascular cell adhesion molecule 1 6.81 3.75 3.26 4.20 
ILMN_2473531/ 
3114641 
PIK3R1 Phosphoinositide-3-kinase, regulatory subunit 1 2.80 2.69 2.35 2.43 
ILMN_2953531 MYLC2B Myosin light chain, regulatory B 2.71 3.02 2.45 3.00 
ILMN_2658804 RRAS Related RAS viral oncogene homolog 2.06 2.03 2.44 2.14 
ILMN_1234223 PLD4 Phospholipase D family, member 4 3.83 2.73 2.40 2.25 
ILMN_1215212 RHOB Ras homolog family member B 3.15 2.57 2.23 2.55 
ILMN_2896601 ICAM1 Intercellular adhesion molecule 1 3.10 2.08 2.16 2.38 
ILMN_2700715 CSTB Cystatin B (stefin B) 2.66 2.07 2.12 2.56 
ILMN_2700848 ARRB2 Arrestin, beta 2 3.03 3.28 2.10 3.57 
ILMN_2700166 CCND2 Cyclin D2 3.53 3.53 2.06 2.24 
 
 
 
 
 
 
CHAPTER 4 
107 
 
Table 2. Dendritic cell maturation associated genes up-regulated during the progression of S. japonicum infection at 6, 10, 13, and 14 weeks 
p.i., as normalised to the uninfected control. 
 
Probe ID Gene 
Symbol 
Definition Fold Change 
   6 wk 10 wk 13 wk 14 wk 
Dendritic Cell 
Maturation 
      
ILMN_2631161 FCGR3A Fc fragment of IgG, low affinity IIIa, receptor 14.83 13.35 9.39 9.53 
ILMN_2748875 FCER1G Fc fragment of IgE, high affinity I, receptor for; 
gamma polypeptide 
7.54 5.53 3.92 5.55 
ILMN_2777498 IL-1B Interleukin 1, beta 5.53 3.75 3.18 4.25 
ILMN_2867147 TYROBP TYRO protein tyrosine kinase binding protein 4.16 3.26 2.59 3.89 
ILMN_2473531/ 
3114641 
PIK3R1 Phosphoinositide-3-kinase, regulatory subunit 1 2.80 2.69 2.35 2.43 
ILMN_2687403 FCGR2A Fc fragment of IgG, low affinity IIa, receptor 3.95 2.67 2.29 3.31 
ILMN_2733733 TLR2 Toll-like receptor 2 3.63 2.15 2.26 3.02 
ILMN_2896601 ICAM1 Intercellular adhesion molecule 1 3.10 2.08 2.16 2.38 
ILMN_3072427 IL1RN Interleukin 1 receptor antagonist 7.97 3.25 2.11 3.78 
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4.3.3 Genes differentially up-regulated in S. japonicum-infected, PZQ-treated (Group PI) 
compared with S. japonicum-infected, untreated murine model (Group NI) 
Peroxisome proliferator activated receptor alpha (PPAR-α) was identified by Ingenuity pathway 
analysis as an “activated” upstream regulator of the recovery phase of the liver after 3, 6, and 7 
weeks of PZQ treatment. PPAR-α is a ligand-activated transcription factor that plays critical role in 
the regulation of hepatic fatty acid metabolism [27]. The identification of upstream regulator 
enables the understanding of a series of transcriptional cascades and biological activities occurring 
in the regenerating liver.  
 
Transcriptomic analyses showed that the top highly up-regulated genes 3, 6, and 7 weeks post PZQ 
treatment were mainly associated with fatty acid and xenobiotic metabolism with peak expression at 
7 weeks post treatment (Table 3). Genes exhibiting this expression profile included Acetyl-
Coenzyme A Acyltransferase 1B (ACAA1B), Acyl-CoA Synthetase Long-chain Family Member 1 
(ACSL1), Aldehyde Dehydrogenase Family 3, Subfamily A2 (ALDH3A2), 3-Hydroxyacyl 
Coenzyme A Dehydrogenase (EHHADH), Solute Carrier Family 27, Member 2 (SLC27A2), and 
Cytochrome P450 family (CYP2B9, CYP2A12, CYP2D26). 
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Table 3. Genes up-regulated in PZQ-treated mice after 3, 6, and 7 weeks of PZQ treatment, each normalised to the corresponding time points 
of untreated murine model. 
 
Probe ID Gene 
Symbol 
Definition  Fold  
   3 wk 6 wk 7 wk 
Fatty Acid 
Metabolism  
     
ILMN_2617625 Cyp2b9 Cytochrome P450, family 2, subfamily b, polypeptide 9 13.27 
 
11.65 36.47 
ILMN_2659997 Acaa1b Acetyl-Coenzyme A acyltransferase 1B 3.70 4.61 8.86 
ILMN_2622671 Acsl1 Acyl-CoA synthetase long-chain family member 1 3.01 2.91 4.44 
ILMN_2925350 Aldh3a2 Aldehyde dehydrogenase family 3, subfamily A2 3.53 4.58 5.32 
ILMN_2645815 Cyp2a12 Cytochrome P450, family 2, subfamily a, polypeptide 12 2.64 2.10 3.47 
ILMN_2642975/ 
1227936 
Cyp2d26 Cytochrome P450, family 2, subfamily d, polypeptide 26 2.44 2.61 2.98 
ILMN_2706120 Ehhadh 3-hydroxyacyl Coenzyme A dehydrogenase 2.14 2.27 3.76 
ILMN_2648445 Slc27a2 Solute carrier family 27, member 2 3.18 2.24 3.67 
Xenobiotic 
Metabolism 
     
ILMN_2617625 Cyp2b9 Cytochrome P450, family 2, subfamily b, polypeptide 9 13.27 11.65 36.47 
ILMN_2925350 Aldh3a2 Aldehyde dehydrogenase family 3, subfamily A2 3.53 4.58 5.32 
ILMN_2645815 Cyp2a12 Cytochrome P450, family 2, subfamily a, polypeptide 12 2.64 2.10 3.47 
ILMN_2769991 Cyp2c29 Cytochrome P450, family 2, subfamily c, polypeptide 29 4.59 3.95 4.87 
ILMN_2691059/ 
2691060 
Cyp2c37 Cytochrome P450, family 2. subfamily c, polypeptide 37 3.24 3.22 3.62 
ILMN_2996640 Cyp2c50 Cytochrome P450, family 2, subfamily c, polypeptide 50 3.57 3.12 3.67 
ILMN_3074610 Cyp2c67 Cytochrome P450, family 2, subfamily c, polypeptide 67 2.85 2.67 2.78 
ILMN_2642975/ 
1227936 
Cyp2d26 Cytochrome P450, family 2, subfamily d, polypeptide 26 2.44 2.61 2.98 
ILMN_2753183 Cyp3a11 Cytochrome P450, family 3, subfamily a, polypeptide 11 3.73 2.44 3.66 
ILMN_2928679 Cyp3a25 Cytochrome P450, family 3, subfamily a, polypeptide 25 2.80 2.57 3.49 
ILMN_2702903 Cyp2f2 Cytochrome P450, family 2, subfamily f, polypeptide 2 5.94 4.13 11.62 
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ILMN_1234086 Dhdh Dihydrodiol dehydrogenase 2.47 2.02 2.93 
ILMN_2838308 Fmo1 Flavin containing monooxygenase 1 2.18 2.20 3.48 
ILMN_2680533 Gstt1 Glutathione S-transferase, theta 1 3.57 3.39 5.46 
ILMN_2689880 Gstt2 Glutathione S-transferase, theta 2 2.97 3.59 4.82 
ILMN_2665715 Gstt3 Glutathione S-transferase, theta 3 6.47 8.22 13.36 
ILMN_2719069 Maob Monoamine oxidase B 3.16 2.11 4.89 
ILMN_2641217 Sult1d1 Sulfotransferase family 1D, member 1 2.77 2.19 3.87 
ILMN_2982764 Ugt2a3 UDP glucuronosyltransferase 2 family, polypeptide A3 2.59 2.39 4.16 
ILMN_1228666 Ugt2b1 UDP glucuronosyltransferase 2 family, polypeptide B1 3.55 2.71 4.43 
ILMN_2930203 Ugt1a10 UDP glycosyltransferase 1 family, polypeptide A10 2.55 2.22 2.79 
   
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 4 
111 
 
Genes associated with xenobiotic metabolism including Cytochrome P450 family (CYP2B9, 
CYP2A12, CYP2C29, CYP2C37, CYP2C50, CYP2D26, CYP3A25, CYP2F2), Glutathione S-
Transferase (GSTT1, GSTT2, GSTT3), Aldehyde Dehydrogenase Family 3, Subfamily A2 
(ALDH3A2), Dihydrodiol Dehydrogenase (DHDH), Flavin containing Monooxygenase 1 (FMO1), 
Monoamine Oxidase B (MAOB), Sulfotransferase Family 1D, Member 1 (SULT1D1), and UDP 
Glucuronosyltransferase family (UGT2A3, UGT2B1, UGT1A10), showed peak expression at 7 
weeks post treatment, indicating that the recovery liver slowly attained normal hepatic function 7 
weeks after PZQ administration. The metabolic activity of the recovering liver was suggested to 
have returned to normal level (basal uninfected controls) as when the data of PZQ-treated, infected 
liver (Group PI) was normalised against PZQ-treated, uninfected liver (Group PU), these metabolic 
genes did not differ significantly.   
 
Expression of most genes peaked 7 weeks post treatment, indicating that this time-point is critical in 
the recovery process. IPA identified enrichment of aryl hydrocarbon receptor (AhR) signaling after 
7 weeks of PZQ treatment when compared to untreated group of similar time-point (Table 4). This 
receptor is involved in the regulation of enzymes responsible for xenobiotic metabolism [28]. 
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Table 4. Ingenuity analysis reveals the up-regulation of pathway associated with aryl hydrocarbon receptor signalling in PZQ-treated livers 
when compared to untreated livers after 7 weeks of PZQ treatment. 
 
Probe ID Gene 
Symbol 
Definition Fold Change 
ILMN_1222734 Aldh1a1 Aldehyde dehydrogenase family 1, subfamily A1 2.96 
ILMN_1257020 Aldh1b1 Aldehyde dehydrogenase 1 family, member B1 3.83 
ILMN_3100276 Aldh1l1 Aldehyde dehydrogenase 1 family, member L1 3.06 
ILMN_2925350 Aldh3a2 Aldehyde dehydrogenase family 3, subfamily A2 5.32 
ILMN_2874554 Aldh4a1 Aldehyde dehydrogenase 4 family, member A1 2.50 
ILMN_1258158 Aldh6a1 Aldehyde dehydrogenase family 6, subfamily A1 2.13 
ILMN_2775723 Aldh8a1 Aldehyde dehydrogenase 8 family, member A1 3.23 
ILMN_2795106/ 
2739847 
Cyp1a2 Cytochrome P450, family 1, subfamily a, polypeptide 2 2.98 
ILMN_1248849 Gsta2 Glutathione S-transferase, alpha 2 2.37 
ILMN_3138685 Gsta3 Glutathione S-transferase, alpha 3 2.34 
ILMN_2892441 Gsta4 Glutathione S-transferase, alpha 4 3.58 
ILMN_2792924 Gstk1 Glutathione S-transferase kappa 1 2.41 
ILMN_2862470 Gstm2 Glutathione S-transferase, mu 2 2.02 
ILMN_1214964 Gstm4 Glutathione S-transferase, mu 4 2.43 
ILMN_2633096/ 
1246321 
Gstm6 Glutathione S-transferase, mu 6 2.55 
ILMN_1254523 Gsto1 Glutathione S-transferase omega 1 2.95 
ILMN_2680533 Gstt1 Glutathione S-transferase, theta 1 5.46 
ILMN_2689880 Gstt2 Glutathione S-transferase, theta 2 4.82 
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4.3.4 Genes differentially up-regulated in PZQ-treated, uninfected (Group PU) versus untreated, 
uninfected mice (Group NU) 
There were no genes that were differentially expressed by more than 2-fold in the PZQ-treated, 
uninfected mice when compared to the untreated, uninfected mice. This indicated that PZQ did not 
exert any significant transcriptional effects on healthy controls beyond 3 weeks post drug 
administration. 
 
4.4 Real-time PCR validation 
The expression patterns of a subset of genes (S100A9, MPO, CYP2B9, CYP2A5, CYP8B1, 
CYP4A14, FMO3 and INMT) selected from microarray analysis were validated by real-time PCR 
(Figure 5). There was a significant correlation between the expression levels of real-time PCR and 
microarray data (Pearson’s correlation, r = 0.77; p<0.0001). 
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Figure 5. Validation of key genes of interest by real-time PCR. Real-time PCR data were 
presented in the column graphs as copy number. Data was presented as mean ± SEM. (Group NU: 
Untreated, uninfected; Group NI: Untreated, infected; Group PI: PZQ-treated, infected; Group PU: 
PZQ-treated, uninfected). 
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5. DISCUSSION 
While previous investigations have focused mostly on the parasitological and histopathological 
changes of the liver after the elimination of schistosome infection [12, 29], the differential gene 
expression and pathways involved in the hepatic recovery process have not been reported. In this 
paper, we employed whole genome transcriptomic analyses to present a comprehensive overview of 
the hepatic gene signalling pathways and the associated mechanisms occurring during the 
progression of a murine S. japonicum infection and the subsequent regeneration events of the liver 
following successful PZQ treatment. 
 
Progression of a chronic S. japonicum infection was significantly associated with the up-regulation 
of genes related to IL-8 signalling. IL-8, also known as CXCL8, is a potent neutrophil 
chemoattractant [30]. It was previously reported that IL-8 responses were induced in 
S. haematobium-infected children [31], and the level of IL-8 was significantly higher in S. mansoni-
infected individuals compared with those receiving PZQ treatment [32]. Similarly, infections with S. 
japonicum elicited the increase of IL-8 level in the human skin [33]. In addition, the transcriptional 
level of IL-8 has been reported as up-regulated in human neutrophils stimulated by S. japonicum 
eggs [34]. Although the gene encoding IL-8 is not present in the mouse genome, possibly due to an 
evolutionary duplication event [35], it was suggested that the murine chemokine CXCL1, CXCL2, 
and CXCL5 may act as the functional homologues of IL-8 [36-38]. The up-regulation of CXCL1 
during the chronic progression of S. japonicum infection in our study appears to play a similar 
effect, and may reflect the involvement of IL-8 signalling pathway in the pathogenesis of S. 
japonicum infection.  
 
Genes related to the DC maturation pathway were significantly up-regulated at 6 weeks p.i., and 
progressively down-regulated after this time-point. DCs are important messengers between the 
innate and adaptive immune system, playing a critical role in terms of antigen presentation, and are 
known to be involved in directing the polarization of the T-helper response in schistosomiasis. The 
soluble egg antigens of S. mansoni have been shown to direct DC to promote the differentiation of 
naïve T helper cell towards a Th2 phenotype [39-41]. A molecule present on schistosome egg 
glycoproteins, Lacto-N-fucopentose III (LNFPIII), was also reported to drive DC maturation via a 
toll like receptor 4 (TLR4) dependent pathway [42]. Here, we suggest that DC maturation is part of 
the process occurring during the early stage of schistosomiasis japonica. 
 
Transcriptomic analysis of the recovering liver also revealed PPAR-α as the upstream regulator, and 
was activated during the process of hepatic regeneration. PPAR-α, the first identified PPAR 
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receptor [43], shows an elevated transcriptional expression in tissues with high metabolic rates [44]. 
In rodents, the mRNA level of PPAR-α is the highest in the liver, followed by heart and kidney [45]. 
PPAR-α is a ligand-activated transcription factor that is crucial for the regulation of hepatic fatty 
acid metabolism and homeostasis [46]. The important regulatory role of PPAR-α in lipid 
metabolism was evident when PPAR-α-null mice suffer from a severe impairment in hepatic fatty 
acid oxidation, resulting in elevated levels of fatty acids and a fatty liver phenotype [47]. Activation 
of PPAR-α also leads to the up-regulation of genes involved in fatty acid transport, binding and 
activation [48]. PPAR-α activation and the increased transcription of genes related to fatty acid 
metabolism observed in our study thus reflect the downstream mechanism and pathway occurring in 
the liver undergoing recovery after schistosomiasis. 
 
Furthermore, PPAR-α is also involved in wound healing and repair, with liver regeneration in 
PPAR-α-null mice found to be delayed and impaired following partial hepatectomy [49]. In a 
mouse model of ischemic liver injury, PPAR-α was shown to be an important regulator of the 
hepatic inflammatory response, by regulating hepatic neutrophil infiltration and the production of 
inducible nitric oxide synthase [50]. PPAR-α activation was also reported to prevent cardiac fibrosis 
by inhibiting the production of endothelin-1 [51], and improved myocardial fibrosis by reducing the 
production of inflammatory mediators [52, 53]. In diabetic kidney disease, where the diabetes is 
associated with the occurrence of tubule-interstitial fibrosis, a PPAR-α agonist was found to reduce 
collagen IV deposition and attenuate disease severity [54]. PPAR-α activation also markedly 
reduced portal hypertension and liver fibrosis in carbon tetrachloride- (CCl4) induced cirrhotic rat 
models [55]. No role for PPAR-α has been reported for hepatic schistosomiasis. We thereby 
propose that, the activation of PPAR-α in our model, may play a similar role in the attenuation of 
schistosomiasis induced fibrosis, and contribute to the recovery of the liver. Future work could 
consider the use of a PPAR-α knockout murine model [56] to investigate their role in the regulation 
of fibrosis in schistosomiasis. 
 
As the main organ involved in drug and toxin removal, the liver plays an important role in 
controlling the accumulation of a wide range of toxic substances by converting them into inactive 
metabolites suitable for elimination [57]. Here, we showed that xenobiotic metabolism genes of the 
cytochrome P450 family were markedly up-regulated in the regenerating schistosome infected liver 
following parasite elimination. These observations are thought to be independent of the effect of 
PZQ administration, as PZQ-treated control mice did not show any modulation in the transcriptional 
expression of genes associated with xenobiotic metabolism at the time points we examined. 
Xenobiotics, such as drugs and chemicals, are mostly highly lipophilic compounds that are difficult 
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to excrete through the kidneys, and are able to cause injury to the liver and other tissues. As the 
major site of xenobiotic metabolism, the liver produces hepatic enzymes such as cytochrome P450 
to remove these damaging compounds [58]. The expression of cytochrome P450 enzymes are in 
turn regulated by the aryl hydrocarbon receptor (AhR), also known as the xenobiotic receptor, a 
ligand-dependent transcription factor [59]. It was reported previously that AhR-deficient mice 
showed a decrease in the size of hepatocytes and the organ as a whole, indicating that AhR plays an 
important role in the development of normal liver function [60, 61]. Consistent with the increased 
expression of xenobiotic genes, AhR signalling pathway was also shown to be up-regulated in our 
model of recovering liver, demonstrating the significance of xenobiotic detoxification processes as 
a part of the regulation of hepatic function. 
 
In summary, we present the most comprehensive pathological and transcriptional profile of the 
chronic and recovery phase of schistosome-infected livers in the murine model. We show that the 
granulomatous pathology and the extent of fibrosis was greatly reduced following elimination of the 
adult parasite and the cessation of egg laying, and these events were accompanied by a decrease in 
the numbers of immune cell infiltrates to the liver. Our findings indicate, for the first time, the 
involvement of PPAR-α activation and AhR signalling pathway in the regeneration process of the 
liver. The significant up-regulation of metabolic genes in the recovering liver as well marks the 
successful regression and remodelling of the liver. The understanding of the mechanisms and 
pathway involved in hepatic resolution of this model may provide insights into the underlying 
regenerative events of other fibrotic liver diseases. 
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CHAPTER 5: GENERAL DISCUSSION AND CONCLUSION 
 
The pathology arising from schistosomiasis is often chronic, accompanied by the development of 
granulomatous inflammation, followed by fibrosis, hepatosplenomegaly, portal hypertension, and 
gastrointestinal bleeding in the case of S. mansoni and S. japonicum infection, while hematuria and 
urinary bladder cancer are the common features of disease induced by S. haematobium [1, 2]. The 
immunopathogenesis of the disease, in general, involves a wide range of immune responses 
including both cellular and humoral responses, and the interaction of cytokines and chemokines.  
 
Many of the individual features and mechanisms leading to the onset of granulofibrotic pathology 
have been surveyed, particularly in the S. mansoni model [3, 4]. However, there is limited 
information on the underlying events associated with the regulation of S. japonicum-induced 
granulomatous pathology. Several studies conducted previously have focused on the use of whole 
intact tissue such as lung [5], liver [6], and spleen [7] to better the understanding of schistosome-
induced immunopathogenesis. However, this approach may not fully reflect the localised cellular 
and molecular mechanisms driving the formation of granulomas elicited by the parasite eggs. In this 
thesis, laser microdissection microscopy (LMM) technique in conjunction with whole genome 
transcriptomic analyses have been employed, for the first time, to better understand the localised 
molecular mechanisms and the sequential recruitment of cells in the microenvironment of 
S. japonicum-induced hepatic granulomas (Chapter 2). 
 
The use of LMM for single-cell isolation has been widely applied in various disciplines, ranging 
from parasitology [8] to cancer research [9], and providing unique material for multiple subsequent 
downstream molecular applications such as genomic, transcriptomic and proteomic analyses [8, 10]. 
LMM provides the means for isolating specific cells of interest from tissues or organs by utilizing 
laser energy. The advantage of LMM lies in collecting cells in their original state without 
significant morphological alteration or damage, as well as minimal chances of contamination from 
surrounding unwanted cells. With the application of LMM, it is possible to study the changes in the 
gene expression patterns of the structures associated with the granuloma over the course of an 
infection, and this provides the resolution needed to understand the detailed intercellular signalling 
pathways of specific cell types recruited to the site of pathology.    
 
In chapter 2, my findings showed that genes associated with type-1, type-2, and type-17 responses 
were up-regulated in the core of 6 to 7 week S. japonicum hepatic granulomas, while genes up-
regulated at the outer zones of granulomas were related to type-2 and fibrotic responses. In addition, 
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the up-regulation of neutrophil markers and the localisation of neutrophils to both the core, and at 
the periphery of granulomas revealed that neutrophils were recruited to both of these regions during 
the development of granulomatous responses. Interestingly, neutrophil markers such as LTF, SLPi, 
ELA2, NGP, and MMP9, that have collagen-degrading properties, showed up-regulation only at the 
periphery of granuloma. We thus propose that, neutrophils residing at different locations within or 
proximal to a granuloma may play distinct roles, with those recruited to the core involved in the 
secretion of a variety of pro-inflammatory cytokines and chemokines leading to inflammation and 
tissue damage, while neutrophils infiltrating at later time points to the periphery of granulomas are 
responsible for tissue remodeling through matrix protein degradation and tissue reabsorption. 
 
In contrast to the situation in S. japonicum granulomas, we found that neutrophils were recruited 
only to the periphery, and not to the core, of S. mansoni hepatic granulomas [11] (Chapter 2). A 
comparison of the immuno-cellular composition between the hepatic granulomas induced by these 
two species revealed that neutrophil infiltration was significantly higher in S. japonicum hepatic 
granulomas, than those of S. mansoni. A potential explanation for this difference might be due to 
the activity of the S. japonicum egg specific protein, SjE16.7, in recruiting neutrophils to hepatic 
granuloma [12]. Furthermore, the eggs of S. mansoni have been shown to secrete a chemokine 
binding protein that has the ability to bind CXCL8, a neutrophil chemoattractant, and block the in 
vivo infiltration of neutrophils [13]. Together this demonstrates that the antigenic secretions of the 
schistosome eggs can selectively control the infiltration of granulocytes, and alter the cellular 
composition of granuloma. Proteomic-based comparison of the soluble egg antigens extracted from 
different schistosome species could be carried out in the future, to determine the differences of the 
glycoproteins present. An in vitro approach such as chemotaxis assays involving the use of egg 
antigens isolated from each schistosome species should also be performed to further examine the 
chemotactic factors secreted by eggs which eventually leads to the migration of granulocytes of 
interest. 
 
The abundance of neutrophils that are recruited to schistosome induced hepatic granulomas led me 
to investigate further the presence of neutrophil extracellular traps (NETs) in this setting (Chapter 
2). The release of NETs was indicated in vivo with DAPI staining in the core of S. japonicum 
hepatic granulomas, and also in in vitro culture when S. japonicum eggs were incubated with human 
neutrophils. NETs were not detected in the core of hepatic granulomas induced by S. mansoni due 
to the absence of neutrophils in this region. In view of the prominence of neutrophils in 
schistosomiasis japonica, and to determine the functional role of NETs, the biological interaction 
between neutrophils and S. japonicum eggs was further characterised and investigated in Chapter 3.              
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To determine that it was in fact antigenic components of S. japonicum eggs directly eliciting the 
formation of NETs, in vitro cultures containing human neutrophils were incubated with whole intact 
eggs, soluble egg antigens (SEA), and the excreted/secreted (ES) egg products, respectively, all of 
which were determined to be free of LPS, a potent inducer of NET formtation (Chapter 3). My 
findings showed that both the eggs and their soluble antigenic secretion induced the release of 
NETs 4 hours post stimulation. In contrast, the ES egg proteins did not stimulate NETs release. It is 
therefore, proposed that the factors triggering the formation of NETs are either present on the egg 
surface, or are derived from the soluble and insoluble components of the eggs, but not from the 
secreted proteins. In the future, to further clarify which parasite molecules are driving the release of 
NETs, S. japonicum SEA glycoproteins can be fractionated using affinity or high performance 
liquid chromatography, as reported previously in a similar study using the S. mansoni model [14, 
15]. In contrast to other findings shown in bacterial [16] and fungal [17] infection, where NETs 
were found to kill pathogens, my findings indicated that NETs were not involved in the killing of 
schistosome eggs. NETs have been shown to exhibit inflammatory potential by inducing the release 
of pro-inflammatory cytokines from platelets [18]. Therefore, instead of killing the eggs, NETs in 
schistosomiasis japonica might play a similar role in causing local inflammation and further tissue 
damage.  
 
In addition, egg-stimulated neutrophils also showed a significant increase in the level of pro-
inflammatory cytokines IL-1α, IL-1β, and IL-8, and the chemokines CCL3, CCL4, and CXCL2 
following 4 hours of stimulation when compared to the unstimulated neutrophils. However, there 
was no significant difference in the transcriptional level of these cytokines in the SEA-stimulated 
neutrophils, indicating that the intact eggs serve as a more potent stimulator than SEA in inducing 
the inflammatory phenotype of neutrophils. Findings from previous study by Zhang and colleagues 
[19] have shown that the release of mitochondrial DNA in hemorrhagic shock-induced trauma can 
activate neutrophils to release matrix metalloproteinase 9 (MMP-9), a protease which is secreted by 
neutrophils during inflammation and was reported to be involved in several inflammatory airway 
diseases [20, 21]. The release of mitochondrial DNA by egg- and SEA-stimulated neutrophils in 
this study prompted us to investigate the presence of MMP-9 by using a gelatin gel. The detection 
of MMP-9 gelatinase activities in egg and SEA-stimulated neutrophils indicated further the 
induction of the inflammatory phenotype of neutrophils. As a whole, this in vitro approach 
examines further the biological interaction between neutrophils and the eggs of S. japonicum, and 
this serves as a platform in the understanding of how neutrophils contribute in vivo to local 
inflammation of hepatic granuloma during schistosomiasis japonica. As the hepatic granuloma 
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induced by S. mansoni consists predominantly of eosinophils [22, 23], future experiments may 
consider the investigation on the interplay between eosinophils and the eggs of this parasite strain.  
 
As the granulomatous pathology during an active developing S. japonicum infection is now better 
defined [11, 24], I focused on the hepatic transcriptional mechanisms leading to the regression of 
granuloma and liver recovery (Chapter 4). In this study, S. japonicum-infected murine models were 
treated with the drug, praziquantel (PZQ) to examine the cellular and molecular events associated 
with the process of liver regeneration 3, 6, and 7 weeks post treatment. PZQ was employed as it was 
shown to be effective against adult schistosomes [25], and was previously demonstrated to be able 
to reverse hepatic fibrosis in schistosomiasis mansoni [26]. The dosage of PZQ administered was 
adjusted according to mouse weight. Faeces were collected pre-PZQ treatment to examine for the 
presence of parasite eggs to ensure an active fecund infection, and the faeces were again checked to 
ensure no sign of eggs one week post treatment, confirming the elimination of the parasites before 
the experiment proceeded. The elimination of adult parasites was confirmed at the end point of the 
experiment when animals were sacrificed and no worms were seen upon perfusion.  
 
My data showed that PZQ treatment and the elimination of an active infection significantly reduced 
spleen size, granuloma density, and the collagen content of the liver. The numbers of neutrophils, 
eosinophils, and macrophages infiltrating the liver were also decreased, as indicated by Leder, 
Giemsa, and F4/80+ staining, respectively. This is further supported by a recent study which also 
demonstrated that the number of neutrophils decreased following PZQ treatment in patients 
suffering from S. mansoni infection [27]. A comprehensive whole genome transcriptomic approach 
was then employed, to determine what changes in host gene expression occurs during the process of 
liver recovery. My data showed that peroxisome proliferator-activated receptor alpha (PPAR-α), a 
molecule which is involved in the regulation of lipid metabolism [28], was identified as the major 
upstream regulator during hepatic regeneration, correlating with the up-regulation of fatty acid 
metabolism genes post PZQ treatment. Furthermore, genes related to xenobiotic metabolism were 
also differentially up-regulated. Drugs such as PZQ are compounds that are not naturally produced 
by the body and are removed through xenobiotic metabolism. However in uninfected control 
animals that were given PZQ, no genes related to detoxification were differentially expressed at the 
timepoints examined, indicating that any elevation of such genes would be transient since PZQ is 
cleared rapidly from the body with a serum half-life of ~2 hours [29]. Hepatic enzymes cytochrome 
P450 is responsible for the breakdown of these compounds. We demonstrated here that the aryl 
hydrocarbon receptor (AhR) signalling pathway, which plays a role in regulating these hepatic 
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enzymes essential for xenobiotic metabolism, was up-regulated following drug treatment, indicating 
the occurrence of xenobiotic detoxification system in the recovering liver. 
 
As the major focus of my work relies mostly on transcriptomic profiling, future work may include 
the incorporation of immunohistochemistry (IHC) staining to better characterise the protein 
expression level in a particular tissue. Given the importance of tissue inhibitor of matrix 
metalloproteinase 1 (TIMP-1) in promoting the development of liver fibrosis [30], its protein level 
in our model of recovering liver could be investigated. As TIMP-1 was known to inhibit matrix 
metalloproteinase 13 (MMP-13) [31], whose role lies in degrading matrix proteins responsible for 
fibrosis, its localisation in the regenerating liver is also of interest. In addition, IHC approaches 
involving the hepatocyte senescence marker, p21, whose expression level correlates closely with 
fibrosis stage [32], as well as the marker used to detect hepatocyte proliferation, Ki67 [33], could be 
employed to examine their expression level in the recovering liver. 
 
The outcomes from my research presented in this thesis have significantly improved the 
understanding of the local cellular and molecular events leading to the pathogenesis of S. japonicum 
infection, and the recovery process within the liver after the disease is treated. My findings also 
demonstrate the prominent role of neutrophils, and their associated inflammatory effects in 
schistosomiasis japonica, which differs from the disease induced by S. mansoni. These findings 
serve as a basis for the understanding of the underlying mechanisms associated with other clinically 
relevant fibrotic and neutrophil-dominated inflammatory diseases. Taken together, this provides 
novel insights into the consideration of selective targeting of neutrophils through neutrophil ablation 
experiment to reduce neutrophil levels and functionality as one of the therapeutic strategies for the 
treatment of schistosomiasis. 
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APPENDICES 
 
APPENDIX 1: CHAPTER 2 SUPPLEMENTARY FIGURE 1 
 
Supplementary Figure 1. Leukocyte transendothelial migration pathway determined by the 
KEGG pathway feature of DAVID analyses. The red stars refer to genes identified from the 
microarray analysis and the figure demonstrates the involvement of leukocytes and their migration 
into tissues during inflammation. 
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APPENDIX 2: CHAPTER 2 SUPPLEMENTARY FIGURE 2 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 2. Expression of genes involved in inflammation (SAA3, CHI3L3) and 
metabolism (CYP1A2) identified by microarray analysis and validated by q-PCR. The 
expression levels obtained by both procedures correlated significantly (Spearman’s correlation, r = 
0.86; p<0.0001). Data are presented as mean ± SEM. 
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APPENDIX 3: CHAPTER 2 SUPPLEMENTARY TABLE 1 
 
Supplementary Table 1: Functional annotation clustering for significantly up-regulated genes 
(clusters 1-7) or down-regulated genes (clusters 8-12) associated with hepatic granuloma 
formation during 4-7 weeks p.i.  
Cluster Enrichment 
Value 
Biological Terms p-value 
1 7.28 GO:0044421~extracellular region part (95) 
GO:0005578~proteinaceous extracellular matrix (48) 
GO:0031012~extracellular matrix (51) 
GO:0044420~extracellular matrix part (18) 
GO:0005604~basement membrane (15) 
 
1.02E-12 
1.38E-10 
1.68E-10 
1.45E-05 
5.33E-05 
 
2 7.24 GO:0009611~response to wounding (55) 
GO:0006954~inflammatory response (39) 
GO:0006952~defense response (51) 
GO:0006955~immune response (51) 
 
1.75E-11 
1.80E-09 
4.99E-06 
1.98E-05 
 
3 5.62 GO:0016192~vesicle-mediated transport (56) 
GO:0006897~endocytosis (30) 
GO:0010324~membrane invagination (30) 
GO:0006909~phagocytosis (13) 
GO:0016044~membrane organization (35) 
 
2.79E-07 
1.08E-06 
1.08E-06 
1.55E-05 
1.60E-05 
 
4 4.94 GO:0001817~regulation of cytokine production (26) 
GO:0001819~positive regulation of cytokine  
                       production (12) 
 
3.18E-07 
7.33E-04 
 
5 4.28 GO:0016265~death (54) 
GO:0008219~cell death (53) 
GO:0006915~apoptosis (49) 
GO:0012501~programmed cell death (49) 
 
3.22E-05 
3.45E-05 
5.84E-05 
8.98E-05 
 
6 4.26 GO:0006935~chemotaxis (23) 
GO:0042330~taxis (23) 
GO:0050900~leukocyte migration (12) 
GO:0060326~cell chemotaxis (8) 
GO:0030595~leukocyte chemotaxis (8) 
GO:0030593~neutrophil chemotaxis (4) 
 
2.03E-07 
2.03E-07 
2.25E-05 
6.55E-04 
6.55E-04 
         0.0706 
 
7 3.95 GO:0016477~cell migration (33) 
GO:0050900~leukocyte migration (12) 
GO:0051674~localization of cell (33) 
GO:0048870~cell motility (33) 
GO:0006928~cell motion (36) 
 
7.63E-06 
2.25E-05 
2.10E-04 
2.10E-04 
0.0022 
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Cluster Enrichment 
Value 
Biological Terms p-value 
8 20.41 GO:0051186~cofactor metabolic process (82) 
GO:0006732~coenzyme metabolic process (69) 
GO:0051188~cofactor biosynthetic process (36) 
GO:0009108~coenzyme biosynthetic process (29) 
 
1.36E-31 
1.13E-28 
1.95E-12 
7.98E-12 
 
9 9.61 GO:0045333~cellular respiration (29) 
GO:0006084~acetyl-CoA metabolic process (19) 
GO:0009109~coenzyme catabolic process (19) 
GO:0009060~aerobic respiration (17) 
GO:0046356~acetyl-CoA catabolic process (16) 
GO:0051187~cofactor catabolic process (19) 
GO:0006099~tricarboxylic acid cycle (15) 
 
6.66E-13 
1.18E-10 
3.18E-10 
8.54E-10 
1.01E-09 
2.54E-09 
6.12E-09 
 
10 8.06 GO:0046395~carboxylic acid catabolic process (34) 
GO:0016054~organic acid catabolic process (34) 
GO:0009063~cellular amino acid catabolic process (22) 
GO:0009310~amine catabolic process (23) 
GO:0046700~heterocycle catabolic process (14) 
 
1.25E-12 
1.25E-12 
4.14E-08 
3.53E-07 
0.0022 
 
11 7.57 GO:0008202~steroid metabolic process (54) 
GO:0016125~sterol metabolic process (32) 
GO:0008610~lipid biosynthetic process (70) 
GO:0008203~cholesterol metabolic process (29) 
GO:0006694~steroid biosynthetic process (27) 
GO:0016126~sterol biosynthetic process (16) 
GO:0006695~cholesterol biosynthetic process (14) 
 
8.79E-15 
8.73E-12 
1.72E-11 
1.07E-10 
4.65E-09 
6.52E-08 
7.46E-08 
 
12 4.92 GO:0006749~glutathione metabolic process (12) 
GO:0006518~peptide metabolic process (13) 
 
1.13E-05 
1.58E-05 
 
 
*The enrichment value refers to the mean of p-values of a particular cluster (in minus log scale), 
Gene Ontologies and the number of genes (in bracket) and corresponding p-value are presented. 
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APPENDIX 4: CHAPTER 2 SUPPLEMENTARY TABLE 2 
 
Supplementary Table 2: Primers design for real-time PCR.  
 
Gene  Forward Primer Reverse Primer  Amplicon 
(bp) 
Source 
HPRT 5’ gtt gga tac agg cca gac ttt gtt g 5’ gat tca act tgc gct cat ctt agg c 163 1 
CCL7 5’ gtg tcc ctg gga agc tgt ta 5’ aga aag aac agc ggt gag ga 195 2 
S100A8 5’ gga aat cac cat gcc ctc tac 5’ gcc aca ccc act ttt atc acc 173 3 
COL1A1 5’ aac tgg act gtc cca acc cc 5’ tcc ctc gac tcc tac atc ttc tg 100 4 
NGP 5' cca ctc cgc ctt cta gtc ag 5' agg tca agg tca ggg agg tt 186 5 
CHI3L3 5’ gtt ttt cca cag cgc att ct 5’ tgg tgg ttt tac agg aag ca 199 2 
CTGF 5’ cac tct gcc agt gga gtt ca 5’ aga tgt cat tgt ccc cag ga 110 Primer 3 
SAA3 5’ cct tcc att gcc atc att ct 5’ agt agg ctc gcc aca tgt ct 112 Primer 3 
CYP1A2 5’ aat gtc acc tca ggg aat gc 5’ gct cct gga cag ttt tct gc 127 Primer 3 
CCL11 5’ tcc aca gcg ctt cta ttc ct 5’ cta tgg ctt tca ggg tgc at  178 Primer 3 
IL-1α 5’ ccc gtc ctt aaa gct gtc tg 5’ aat tgg aat cca ggg gaa ac 161 Primer 3 
TNF 5’ tat ggc tca ggg tcc aac tc 5’ ctc cct ttg cag aac tca gg 174 Primer 3 
IL-1β 5’ ggg cct caa agg aaa gaa tc  5’ tac cag ttg ggg aac tct gc   183 Primer 3 
IL-7R 5’ ttt ctg ccc aat gat ctt cc 5’ ggg ctg act gaa gtc tca gg  104 Primer 3 
 
* Forward and reverse primers are listed for each gene analysed, with amplicon size in base pairs (bp) and the corresponding reference included. 
1. Amante FH, et al. Am J Pathol 2007; 171(2): 548-559. 
2. Burke ML, et al. PLoS Negl Trop Dis 2010; 4(2): e598. 
 
3. Rodriguez A, et al. BMC Genomics 2007; 8: 379. 
 
4. Sandler NG, et al. J Immunol 2003; 171(7): 3655-3667. 
 
5. Perry CR, et al. PLoS Negl Trop Dis 2011; 5(6): e1178. 
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APPENDIX 5: CHAPTER 3 SUPPLEMENTARY TABLE 1 
 
Supplementary Table 1: Primers design for real-time PCR.  
 
Gene  Forward Primer Reverse Primer  Accession 
Number 
Amplicon 
(bp) 
Source 
β-actin 5’ aac tgg aac ggt gaa ggt g 3’  5’ ctg tgt gga ctt ggg aga gg 3’ NM_001101 209 1 
GAPDH 5’ ccc ctt cat tga cct caa cta c 3’ 5’ gag tcc ttc cac gat acc aaa g 3’ NM_002046 418 1 
CO1 5’ gga gtc cta ggc aca gct cta a 3’ 5’ gga ggg tag act gtt caa cct g 3’ EU095246 314 1 
IL-1α 5’ cgc caa tga ctc aga gga aga 3’ 5’ agg gcg tca ttc agg atg aa 3’ NM_000575.3 120 Primer3 
IL-1β 5’ gga caa gct gag gaa gat gc 3’ 5’ tcg tta tcc cat gtg tcg aa 3’  NM_000576.2 120 Primer3 
IL-8 5’ tct ggc aac cct agt ctg ct 3’ 5’ gct tcc aca tgt cct cac aa 3’ NM_000584.3 136 Primer3 
CCL3 5’ tgc tca gaa tca tgc agg tc 3’ 5’ ggg agg tgt agc tga agc ag 3’ NM_002983.2 129 Primer3 
CCL4 5’ agc aag caa gtc tgt gct ga 3’ 5’ cag gtg acc ttc cct gaa ga 3’ NM_002984.2 111 Primer3 
CXCL2 5’ ctc aag aat ggg cag aaa gc 3’ 5’ ctt cag gaa cag cca cca at 3’ NM_002089.3 134 Primer3 
 
Forward and reverse primers are listed for each gene analysed, with the amplicon size in base pairs (bp). 
1. Keshari RS, et al. PLoS One 2012; 7(10): p. e48111. 
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APPENDIX 6: CHAPTER 4 SUPPLEMENTARY TABLE 1 
 
Supplementary Table 1. Primers design for real-time PCR.  
 
Gene  Forward Primer Reverse Primer  Accession 
Number 
Amplicon 
(bp) 
Source 
S100A9 5’ tca tcg aca cct tcc atc aa 3’  5’ gtc ctg gtt tgt gtc cag gt 3’ BC027635 170 Primer3 
MPO 5’ cac cct ctt tgt tcg aga gc 3’ 5’ caa cac caa ggg cag gta gt 3’ BC053912 154 Primer3 
CYP2B9 5’ tac ctg ctc ccc aag aac ac 3’ 5’ aag ggc aga aaa gct tca ca 3’ BC120525 149 Primer3 
CYP2A5 5’ gac cga atg aag atg ccc ta 3’ 5’ cga aac ttg gtg tcc ttg gt 3’ BC138796 110 Primer3 
CYP8B1 5’ gga cag cct atc ctt ggt ga 3’ 5’ cgg aac ttc ctg aac agc tc 3’ BC049969 189 Primer3 
CYP4A14 5’ ctg ggt gat gga acc tct gt 3’ 5’ cat ctg gga agg tga cag gt 3’ NM_007822 142 Primer3 
FMO3 5’ ggg gga aaa gtt caa atg gt 3’ 5’ cct ggg atc ctt gag aaa ca 3’ U87147 130 Primer3 
INMT 5’ tct tcc ggg aga tca ttg tc 3’ 5’ gag ctt ggc ttc ctt ctc ct 3’ NM_009349 164 Primer3 
 
* Forward and reverse primers are listed for each gene analysed, with amplicon size in base pairs (bp) and the corresponding source reference included. 
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APPENDIX 7: CHAPTER 4 SUPPLEMENTARY TABLE 2 
 
Supplementary Table 2. Genes up-regulated in PZQ treated, uninfected mice after 3, 6, and 7 weeks of PZQ treatment, each normalised to the 
corresponding time points of untreated, uninfected murine model. 
 
Probe ID Gene 
Symbol 
Definition  Fold  
   3 wk 6 wk 7 wk 
ILMN_1254154 Bat2 HLA-B associated transcript 2 1.77 1.32 1.50 
ILMN_2990616 Birc2 baculoviral IAP repeat-containing 2 1.67 1.34 1.42 
ILMN_2436489 Vapb vesicle-associated membrane protein, associated 
protein B and C 
1.62 1.10 1.11 
ILMN_2447456 Utx ubiquitously transcribed tetratricopeptide repeat 
gene, X chromosome 
1.54 1.44 1.55 
ILMN_3123341 Xist  inactive X specific transcripts on chromosome X 1.50 1.56 1.52 
ILMN_2638558 Pes1 pescadillo homolog 1, containing BRCT domain 1.32 1.58 1.24 
ILMN_1213838 Arhgap26 Rho GTPase activating protein 26 1.02 1.76 1.85 
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ReviewGlossary
Alternatively activated macrophages (AAMs): are activated by Th2 cytokines
such as IL-4 and IL-13 to induce the production of proline, an amino acid
essential for the synthesis of collagen. AAMs are thought to be involved in
promoting collagen deposition and the onset of fibrosis.
Chemokines: a group of cytokines produced by cells present at the site of
inflammation; they have the ability to induce chemotaxis in various leukocytes.
Chemokine-binding proteins: secreted proteins that selectively bind to and
inhibit the action of specific chemokines.
Classically activated macrophages (CAM): activated by Th1 cytokines such as
IFN-g, TNF, and IL-12 to induce the production of nitric oxide that leads to
inflammation and tissue damage.
Endothelial cells: a thin layer of cells lining the inner wall of the blood vessels
and lymphatic vessels which form the endothelium.
Eosinophilia: an increase in the number of peripheral blood eosinophils. This
condition is usually associated with allergic reaction or parasitic infection.
Fibrosis: excess deposition of fibrous tissue in an organ that normally occurs to
replace tissue lost through injury or infection.
Granuloma: a small inflammatory lesion containing an organised collection of
immune cells that is often produced in response to an infectious agent or a
foreign substance.
Hepatic stellate cells (HSCs): also known as perisinusoidal cells, HSCs are
located in the space of Disse between hepatocytes and sinusoidal endothelial
cells of the liver. HSCs in normal liver are in a quiescent state, become
activated when the liver is injured, and are the major cell type involved in liver
fibrosis.In hepatic schistosomiasis, pathology arises when schis-
tosome eggs become lodged in the host liver, evoking an
interleukin 4 (IL-4)- and IL-13-mediated dominant CD4+
Th2 immune response. This response leads to the devel-
opment of granulomas and fibrosis, with eosinophils,
neutrophils, macrophages, hepatic stellate cells, and
lymphocytes all identified as major cellular contributors
to these events. This review outlines the cellular and
molecular mechanisms of hepatic schistosomiasis, with
an emphasis on the major cellular components and their
release of chemokines. The differences between Schis-
tosoma mansoni- and Schistosoma japonicum-induced
hepatic granuloma are also discussed. This comprehen-
sive overview of the processes associated with hepatic
schistosomiasis may provide new insights into
improved treatment for both schistosomiasis and other
granulofibrotic diseases.
Schistosomiasis-induced pathology
Schistosomiasis is a chronic helminthic disease affecting
approximately 200 million people in over 74 countries
where it is endemic [1,2]. Human schistosomiasis is caused
by infection with one of five species of schistosomes: S.
mansoni, S. japonicum, Schistosoma haematobium, Schis-
tosoma intercalatum, and Schistosoma mekongi, with the
former three species being of the greatest clinical and
socioeconomic importance. All species, with the exception
of S. haematobium, cause hepatosplenic and intestinal
schistosomiasis in which the parasitic worms inhabit the
mesenteric veins. S. haematobium, by contrast, resides in
the venous plexuses of the urinary bladder and causes
urogenital schistosomiasis [2,3].1471-4922/$ – see front matter
 2013 Elsevier Ltd. All rights reserved. http://dx.doi.org/10.1016/j.pt.2013.12.009
Corresponding author: Gobert, G.N. (Geoffrey.Gobert@qimr.edu.au, Geoffrey.Go-
bert@qimrberghofer.edu.au).
Keywords: schistosomiasis; granuloma; immunopathology; chemokine.The formation of granulomas (see Glossary) is a
dynamic process that involves the accumulation of immune
cells at the site of antigen release, leading to the confine-
ment of the eliciting agent [4]. Granulomas are, in general,
composed of a tightly clustered macrophage population,
including epithelioid and multinucleate giant cells, and are
often surrounded by a ring of lymphocytes [5]. Granulo-
matous disorders can arise both in infectious and non-
infectious diseases, with gastrointestinal and hepatic gran-
ulomas being the most common clinical presentations. TheKupffer cell: specialised macrophages lining the wall of the hepatic sinusoids
that play a role in the breakdown of red blood cells.
Neutrophil extracellular trap (NET): a network of extracellular fibres composed
of DNA and histones generated by activated neutrophils that bind pathogen.
Schistosomal myeloradiculopathy (SMR): known also as spinal cord schisto-
somiasis, SMR is the schistosomiasis of the brain and spinal cord caused by
infection with the digenean trematodes of the genus Schistosoma.
Schistosomiasis japonica: helminth disease caused by the human blood fluke
Schistosoma japonicum, primarily endemic in China and the Philippines.
Schistosomiasis mansoni: helminth disease caused by the human blood fluke
Schistosoma mansoni, found mainly in regions of South America and the
Caribbean, Africa, and the Middle East.
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Figure 1. Representative histology of Schistosoma japonicum-induced granuloma
in C57BL/6 mice at increasing time-points. (A) Eggs (arrow) begin to lodge in the
host liver at 4 weeks post-infection (p.i.) with only minimal cellular infiltration. (B)
At 6 weeks p.i. the eggs are surrounded by a dense population of immune cells,
followed by a band of fibrovascular tissue leading to the formation of a mature
granuloma. (C) Granulomas continue to increase in volume at 10 weeks p.i.,
delineated by a dense population of lymphocytes at the outer rim. (D) During the
later stages (13 weeks p.i.) granulomas reduce in volume, often accompanied by
the presence of dark-brown pigmented macrophages and calcified parasite eggs.
Formalin-fixed, paraffin-embedded liver sections stained with hematoxylin and
eosin. Scale bars, 100 mm.
Review Trends in Parasitology March 2014, Vol. 30, No. 3initiation, development, and regression of granuloma are
mediated by the communication of cytokines and chemo-
kines, leading to the recruitment of inflammatory cells
towards the antigenic stimuli [5].
The pathology of schistosomiasis results from the eggs
that inevitably become lodged in host tissue, particularly
the liver and intestine. Because of the continuous antigenic
stimulation from the trapped ova, inflammatory and
immune cells are sequentially recruited to the sites of
infection, leading to the formation of periovular granulo-
mas and eventually chronic fibrosis in some infected indi-
viduals. This inflammatory response is associated with a
dominant CD4+ T cell-dependent immune response, with
interleukin IL-4 and IL-13 being the main cytokines driv-
ing this reaction [6].
Granuloma arising from schistosomiasis
In schistosomiasis, egg-induced granulomatous lesions are
found in the liver, intestines, lungs, bladder, brain, skin,
adrenal glands, skeletal muscle, lymph nodes, spleen,
kidney, and stomach [2,7]. The principal site of granuloma
formation is around the eggs that are lodged in the pre-
sinuisoidal capillary venules of the liver. These granulo-
mas give rise to severe fibrosis which disrupts blood flow
through the liver, causing portal hypertension and porta-
caval shunting, which may lead to potentially fatal eso-
phageal bleeding [1,2]. The intestines, another site for egg
deposition, are characterised by a mucosal granulomatous
response, leading to pseudopolyposis, microulceration, and
superficial bleeding [1]. In schistosomiasis haematobia,
egg deposition occurs primarily in the urinary bladder
and results in urinary bladder calcification, which even-
tually leads to dysuria, pollakisuria, proteinuria, and hae-
maturia [1], and subsequently to the development of
bladder cancer or renal failure later in life [8]. The mor-
tality rate due to under-performing kidney function due to
S. haematobium infection exceeds that resulting from
haematemesis in individuals infected with S. mansoni [8].
Schistosome egg-induced granulomas develop through
two major stages, the pre-granulomatous and granuloma-
tous stages [9,10]. The pre-granulomatous stage is char-
acterised by the disorganised aggregation of cells, whereas
the granulomatous stages are associated with a more
clearly delineated structure. Lesion development starts
with the infiltration of monocytes and eosinophils around
the eggs. This early phase is followed by the recruitment of
fibroblasts, leading to the production of extracellular
matrix and collagen fibres that form an additional layer
at the outer zone of the granuloma. Following the death of
the miracidium within the egg, the granuloma structure
disintegrates and calcifies, and this is associated with a
reduction in the inflammatory response. During the final
stages of the response, the granuloma is significantly
reduced in size and contains only pigmented macrophages
[10–12]. The continuous deposition of eggs at this later
stage nevertheless triggers the formation of new granulo-
mas. Representative images of hepatic granulomas at
different developmental stages in murine S. japonicum
infection are shown in Figure 1.
Although their formation is deleterious to the infected
host, these schistosome-egg driven granulomas also play142
Review Trends in Parasitology March 2014, Vol. 30, No. 3an important host-protecting role, particularly during S.
mansoni infections [13]. Antigenic secretions from the eggs
need to be contained and neutralised because they contain
potently cytotoxic agents. Granuloma formation indirectly
restricts these cytotoxic products from damaging the adja-
cent hepatocytes [4]. In addition, granulomas also serve to
preserve gut integrity and prevent subsequent bacterial
invasion during schistosome infection [14,15]. However,
particular cell populations within the granuloma produce
substances, such as lysozyme, b-glucuronidase, and several
proteases, that damage surrounding tissue [4,16]. Further-
more, macrophages isolated from hepatic granuloma pro-
duce compounds such as prostaglandins, leukotrienes, and
free radicals which are potentially destructive to host tis-
sues [17]. Granuloma formation therefore needs to be tightly
regulated to limit the severity of the resulting disease.
The cellular composition of the granuloma in schistoso-
miasis is schistosome species-, host-, and location-specific.
Both CBA and C3H mice develop a high level of pathology
due to schistosomiasis, whereas that occurring in schisto-
some-infected BALB/c and C57BL/6 mice is less severe
[18]. Granulomas formed in the latter mice are mostly
smaller in size and are better confined, whereas those
developed in the high-pathology mice are larger and more
poorly confined [18]. Variations in the cellular composition
of granulomas are also evident in murine models infected
with different schistosome species. S. japonicum egg-
induced granulomas consist predominantly of neutrophils,
whereas those of S. mansoni are composed mainly of
eosinophils, mononuclear cells and lower numbers of neu-
trophils [9,19]. Differences in cellular constituents between
hepatic and colonic granulomas have also been described,
with the former having more T lymphocytes, eosinophils,
and mast cells [4,20]. Colonic granulomas, in addition,
consist mainly of macrophages and present much less
collagen deposition [4,20]. In contrast to the mouse model
of S. japonicum, Hurst and colleagues [21] reported that
neutrophils were uncommon in the hepatic granulomas
formed in S. japonicum-infected pigs.
The host immune response in schistosomiasis
Experimental models of hepatic schistosomiasis clearly
illustrate the involvement of a CD4+ T helper (Th) cell
response in the progression of the disease. A Th1 response
is initiated at the early acute stages of infection and is
directed against the migrating schistosomula and imma-
ture adult worms. This response is characterised by
increased expression of the Th1 proinflammatory cyto-
kines IL-1, IL-12, tumour necrosis factor (TNF)-a, and
interferon (IFN)-g [6,13,22]. The immune response
switches to a pronounced Th2 response at 6 to 8 weeks
post-infection (p.i.) following the onset of egg deposition.
This Th2 response is characterised by production of high
levels of Th2 cytokines such as IL-4, IL-5, IL-10, IL-13 and
the synthesis of immunoglobulin E (IgE) [13]. As the
infection progresses to a more chronic stage, general down
modulation of the Th2 response is observed at 12 weeks
p.i., together with a reduction in the size of newly formed
granulomas. This immunomodulation might be driven by
IL-10 and TGF-b which induce T regulatory cells (Tregs)
that regulate the balance of Th1/Th2 responses [6,13,22].Th17 responses have been linked with severe hepatic
inflammation in schistosomiasis [23–26]. The exact role of
Th17 cells in regulating granulomatous pathology, how-
ever, remains unclear. Wen and colleagues [23] reported
the detection of Th17 cells in the S. japonicum-infected
liver, suggesting that S. japonicum egg antigens are able to
induce directly or indirectly a Th17 response. These
authors also showed that increased levels of Th17 cell
populations correlated with more severe pathology. In
addition, IL-17 neutralisation in S. japonicum-infected
C57BL/6 mouse model led to decreased granulomatous
inflammation and reduced expression of proinflammatory
cytokines and chemokines [27]. Similarly, the exacerbation
of granulomatous lesions in S. mansoni-infected CBA mice
was directed by a Th17 response, indicating that Th17 cells
drive severe pathology [24,25]. Understanding the under-
lying mechanisms of Th17 pathways in this process is thus
essential to decipher the factors resulting in severe tissue
lesions.
Apart from the commonly known Th2 response that
predominates during later-stage schistosomiasis, humoral
immunity has also been implicated in this disease,
although the details of this response are limited. S. japo-
nicum-induced hepatic granulomas in pigs were charac-
terised by IgG+ plasma cells [28], and B cells were present
within the granulomas, in similar fashion to that observed
in the mice [29]. A further study showed that B cell-
deficient mice developed significantly smaller hepatic
granulomas during the early stage of S. japonicum infec-
tion, indicating a contributory role for B cells in granulo-
matous pathology [29]. By contrast, blockade of IL-10R, a
receptor essential for plasma cell development during
chronic schistosomiasis mansoni, leads to the loss of B
cells and, together with the shunting of eggs, results in
the development of severe pulmonary pathology [30]. In
view of these contrasting findings, more studies are neces-
sary to define more precisely the molecular function of B
cells in schistosome-induced pathology.
The modulation of the immune response that is essen-
tial to promote host survival during schistosome infection
can be achieved by multiple mechanisms, one of which is
via IL-10. CD4+CD25+ Tregs [22,31,32] and B cells [33] are
known sources of IL-10, a key regulator of the egg-induced
granulofibrotic response induced during schistosomiasis.
Studies with IL-10-deficient mice indicate that IL-10-pro-
ducing Tregs regulate pathology by controlling both type 1
and type 2 cytokine production during S. mansoni infection
[31,34]. The suppressive properties of Tregs in this setting
were further confirmed when these cells were shown to
prevent the development of a Th1 response and limit the
excessive effector function of Th2 immunity [35]. Improved
understanding of this Treg-mediated suppression would be
useful to potentially control the degree of immunopathol-
ogy associated with schistosomiasis.
The role of immune cells and their chemokines in
schistosome-induced pathology
Eosinophils
Marked eosinophilia is a common feature of acute schis-
tosomiasis and may even occur before egg deposition com-
mences [6]. The S. mansoni egg-induced granuloma143
Table 1. Effect of eosinophil-associated chemokines on schistosome-induced granulofibrotic pathology
Ligands/receptors Effect on granulofibrotic pathology Refs
CCL3/MIP-1a Antibody neutralisation of CCL3 decreased the size of Schistosoma mansoni pulmonary granuloma
CCL3 level was elevated in the plasma of patient with chronic schistosomiasis
CCL3-deficient mice exhibited decreased liver granuloma size, liver eosinophil peroxidase activity, and collagen
content during S. mansoni infection
[43]
[40]
[42]
CCL5/RANTES CCL5 level was elevated in the plasma of patient with chronic schistosomiasis [40]
Negatively regulates granulomatous response and control disease severity [39]
CCL7/MCP-3 Contributes to eosinophil recruitment in S. mansoni pulmonary granuloma [46]
CCL11/Eotaxin CCL11 level was elevated in the plasma of patient with chronic S. mansoni infection
Elevated CCL11 level and increased eosinophil infiltration in mouse bladder infected with Schistosoma
haematobium
[40,41]
[48]
CCL17 Antibody neutralisation of CCL17 decreased both the size of S. mansoni pulmonary granuloma and eosinophil
infiltration
[47]
CCL22 Antibody neutralisation of CCL22 decreased both the size of S. mansoni pulmonary granuloma and eosinophil
infiltration
[47]
CCL24 Elevated CCL24 level in serum of patients with S. mansoni infection [41,45]
CCR8 CCR8-deficient mice exhibited reduced eosinophilic infiltration in S. mansoni pulmonary granuloma [50]
CXCR3 Upregulated expression on infiltrating eosinophils in Schistosoma japonicum hepatic granuloma [98]
CXCR4 CXCR4 blockade inhibits eosinophil recruitment in S. mansoni pulmonary granuloma [51]
Review Trends in Parasitology March 2014, Vol. 30, No. 3contains a high ratio of eosinophils to neutrophils [9,19].
Eosinophils contribute 70% of the total granuloma cel-
lular population at 16 days post-S. mansoni egg injection in
mice, reaching much higher levels than other non-hel-
minth induced granulomas, whereas neutrophil numbers
are less than 10% of the total cell population [36].
The migration of eosinophils from the circulation to the
inflammatory site of infection is induced primarily by the
chemokine CCL11. Under the influence of a Th2 cytokine-
biased environment, the combination of IL-5 and granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) con-
tributes to the increase in peripheral blood eosinophils
[37,38]. A family of small cytokines responsible for general
immune cell migration regulates eosinophil migration to
inflammatory sites in schistosome infection (Table 1). The
increased levels of chemokines CCL2, CCL3, CCL4, CCL7,
CCL11, and CCL12, and of chemokine receptors CCR1,
CCR2, CCR3, and CCR4, correlate with the severity of
murine schistosomiasis mansoni [39]. Among these, CCL3
and CCL11 showed elevated plasma levels in patients with
chronic disease [40–42]. CCL3-deficient mice presented
decreased hepatic granuloma sizes and both reduced fibro-
sis and eosinophil peroxidase activity [42]. In addition,
reduction of pulmonary granuloma size by 40% was
reported using the egg-injection mouse model in conjunc-
tion with neutralising antibodies against CCL3 [43], and in
mice deficient in CCR1, a CCL3 receptor [44]. Granuloma-
tous pathology associated with S. mansoni infections,
therefore, appears more severe in the presence of the
chemokine CCL3. Furthermore, a more recent finding
[45] revealed a direct correlation between the level of
CCL3 and the percentage of eosinophils bearing the recep-
tors CCR5 and CXCR3 during human schistosomiasis
mansoni, expanding further the translational significance
of this chemokine into the clinical setting.
Previously, several key chemokines and their receptors
correlated with eosinophil accumulation during S. man-
soni infection. CCL7, CCL17, and CCL22 contribute to
eosinophil recruitment in the S. mansoni egg-induced
pulmonary granuloma model [46,47], whereas elevated
levels of CCL11 associate with eosinophil infiltration in144S. haematobium egg-induced bladder pathology [48].
Another key chemokine involved in eosinophil chemotaxis
is CCL24 [49], whose levels were increased in the serum of
patients suffering from schistosomal myeloradiculopathy
[41]. This chemokine is also involved in eosinophil recruit-
ment during clinical schistosomiasis mansoni [45]. The
receptors that mediate the activity of these ligands include
CCR8 and CXCR4. In CCR8-deficient mice, eosinophil
infiltration in S. mansoni pulmonary granuloma was
reduced [50] and, similarly, the blockage of CXCR4 also
led to the inhibition of eosinophil recruitment in the lung
granuloma model of S. mansoni [51]. CCL5, an eosinophil
chemoattractant, on the other hand, negatively regulates
granulomatous response in experimental schistosomiasis.
It appears that CCL5, instead of stimulating the recruit-
ment of inflammatory cells, actually induces the migration
of regulatory cells, and eventually exerts a regulatory
response and controls or limits the severity of the disease
[39].
Whereas it has been reported that eosinophils play a
role in limiting the pathology associated with human
schistosomiasis mansoni [52], experiments using the
established S. mansoni infection model in two novel mouse
models of eosinophil lineage ablation (DdblGATA and
TgPHIL) demonstrated that eosinophils had no impact
on granuloma number, size, or fibrosis [53]. The absence
of the high-affinity IgE receptor FceRI on mouse eosino-
phils [54] may explain this lack of eosinophil-related effects
in the murine model. As a whole, it is apparent that one
way to minimise disease progression could be through the
regulation of chemokine production to influence eosinophil
recruitment to the injury site and mediate the pathological
outcome.
Neutrophils
In 1972, Hsu and colleagues [9] first reported that S.
japonicum egg lesions induced a stronger neutrophilic
chemotaxis than those of S. mansoni. Similar findings
were also observed by Von Lichtenberg et al. [19] who
reported the frequent occurrence of neutrophils in S. japo-
nicum granulomas, whereas a survey of lesions caused by
Table 2. Neutrophil-, HSC-, and macrophage-associated chemokines in schistosome-induced immunopathology
Ligands/receptors Effect on granulofibrotic pathology Refs
Neutrophil chemokines
CXCL1 Elevated CXCL1 level and increased neutrophil infiltration in mouse bladder infected with Schistosoma
haematobium
[48]
CXCL2 Elevated CXCL2 expression was associated with neutrophil infiltration in Schistosoma japonicum-infected IL-4
and IL-13 knockout mice
[55]
CXCL1 and CXCL2 IL-17 antibody neutralisation in S. japonicum infected mouse model was associated with lower CXCL1 and CXCL2
expression and reduced neutrophil infiltration
[27]
Hepatic stellate cell chemokines
CXCL1 Increased gene expression during S. japonicum infection an indicator of HSCs recruitment and fibrogenesis [60]
CCL2/MCP-1 Increased transcriptional levels during S. japonicum infection correlates with peak fibrosis [70]
CXCL9 and CXCL10 Inhibits the expression of fibrosis-associated genes in human HSCs stimulated with S. japonicum soluble egg
antigens
[81]
Macrophage chemokines
CCR2 CCR2-deficient mice exhibited reduction in Schistosoma mansoni pulmonary granuloma size [85]
CCR2-deficient mice exhibited impaired monocytosis and defective early-phase monocyte recruitment to
granulomas
[85]
Review Trends in Parasitology March 2014, Vol. 30, No. 3S. mansoni and S. haematobium were found rarely to
contain neutrophils. The recruitment of neutrophils was
also associated with the elevated expression of proinflam-
matory chemokines CXCL1 [48] and CXCL2 [27,55] (Table
2).
It has been documented that the eggs of S. mansoni
secrete a chemokine-binding protein (smCKBP) that is
able to bind particular chemokines and influence their
biological activity [56]. This molecule is also synonymous
with the more recently described egg glycoprotein IPSE/a-
1, which plays a role in initiating a Th2 response during S.
mansoni infection [57]. This smCKBP binds CXCL8, a
chemokine involved in neutrophil chemotaxis, and inhibits
the infiltration of neutrophils in vivo. However, this che-
mokine binding protein does not block the activity of
CCL11, one of the eosinophil chemokines [56]. This may
well explain why S. mansoni-induced granulomas have a
higher proportion of eosinophils, and a lower ratio of
neutrophils, than those due to S. japonicum. A parallel
time-course of infection with the two schistosome species
might shed further light on the reasons for these differ-
ences. Furthermore, the chemokine-binding properties of
the eggs of S. japonicum should also be explored to deter-
mine their effect on leukocyte migration.
During S. japonicum infection, neutrophils begin to
accumulate around the parasite eggs as early as at 8 days
post-deposition [58,59]. In addition, neutrophils reside
both in the core, and also at the periphery of mature S.
japonicum hepatic granulomas [60]. This neutrophil accu-
mulation has been linked to hepatic necrosis and liver
damage during the acute stage of infection [55]. Despite
this association with hepatic damage, neutrophil-depleted
S. japonicum-infected CBA mice show augmented liver
granuloma, indicating that neutrophils may actually reg-
ulate granuloma development [58]. This hypothesis is
supported by later findings showing that an earlier neu-
trophilic influx correlates with milder pathology [61]. Most
recently it has been shown that neutrophils recruited to
the granuloma core release proinflammatory cytokines
which cause tissue damage, whereas neutrophils at the
periphery of the granuloma produce granule proteins
which can degrade collagen, the major component of fibro-
tic granulomas [62].It has been also demonstrated, both by in vivo and in
vitro observations, that neutrophils within the core of S.
japonicum hepatic granuloma release neutrophil extracel-
lular traps (NETs) potentially to limit the pathogenic
effects of parasite eggs [62]. Similar findings have also
been reported for bacterial [63], fungal [64], other parasitic
[65], and viral infections [66]. It is important to consider
why NETs are released in this setting and what role they
play. Are NETs responsible for the direct killing of eggs, or
are they involved in promoting the recruitment of other
leukocytes to the lesion? NETs were reported previously to
exhibit inflammatory potential [67], and this also raises
the question whether the release of NETs in vivo during
schistosome infection induces inflammation. Furthermore,
is this specific response beneficial or detrimental to the
host? A mouse model with blocked functionality of NETs
should be employed to elucidate the exact function of NETs
in this setting. In contrast to S. japonicum, neutrophil-
associated DNA structures were not detected in S. mansoni
hepatic granulomas [62], presumably due to the low ratio of
neutrophils in these lesions. Furthermore, NETs were not
released when human neutrophils were cocultured with S.
mansoni eggs [62]. Difference in the glycoproteins present
on the surface membrane or in antigens secreted from the
eggs, might serve as one reason for the differences in the
response to the two schistosome species.
Together these observations indicate that neutrophils
have different functions in schistosome-induced fibrosis,
depending on the time they are recruited and their location
within the granulomatous lesion. In addition, egg antigen
secretions may play a pivotal role in selectively controlling
the infiltration of granulocytes, thus causing the differences
in the granuloma composition and the resulting pathology
associated with the different schistosome species (Figure 2).
Hepatic stellate cells (HSCs)
HSCs are one of the main sources of collagen in the liver
and play a crucial role in schistosome-induced fibrogenesis
[68]. Quiescent HSCs primarily function to store vitamin A
but, in response to liver tissue injury, they are activated
and transdifferentiate into a myofibroblasts, characterised
by the production of extracellular matrix (ECM) compo-
nents rich in fibrillar collagens [69].145
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Figure 2. Distinctive features of schistosome-induced hepatic pathology. (A) The granulomas elicited by different schistosome species show distinct cellular compositions.
Chemokine-binding protein secreted by Schistosoma mansoni eggs is capable of binding specific chemokines, and this in turn inhibits their action and alters the cellular
composition of the granuloma. This chemokine-binding protein binds neutrophil chemoattractant CXCL8 and blocks the infiltration of neutrophils to the granuloma;
however, it does not bind to eosinophil chemoattractant CCL11 and thereby does not inhibit the recruitment of eosinophils [56]. (B) Major cellular populations located
within and adjacent to the hepatic granuloma induced in either S. mansoni or Schistosoma japonicum infection. The core of a S. mansoni-induced hepatic granuloma has a
dense population of eosinophils, in contrast to that associated with a S. japonicum infection – where the core is composed mainly of neutrophils. Abbreviation: HSC,
hepatic stellate cell.
Review Trends in Parasitology March 2014, Vol. 30, No. 3Activated HSCs are located at the edges of hepatic
granulomas in mice infected with S. japonicum, as shown
by immunostaining for the HSCs markers, desmin, a-
smooth muscle actin (a-SMA), and glial fibrillary acidic
protein (GFAP) [60,70]. Chemokines associated with HSC
recruitment, such as CXCL1, CCL7, CCL12, and CCL21,
were also upregulated in the same model [60]. In human
schistosomiasis mansoni, the detection of GFAP-positive
cells in the liver as well suggests a role for HSCs in
pathogenesis [71]. These activated HSCs, localised to the
granulomas, thus serve as an indicator of collagen deposi-
tion in hepatic schistosomiasis.
During schistosome infection, transdifferentiation of
HSCs is triggered by IL-13 [72]. S. mansoni and S. japoni-
cum eggs can inhibit the differentiation of HSCs into myofi-
broblasts, with eggs of the former possessing the ability to
reverse the transdifferentiation or activation process and to
return HSCs to their quiescent state [73]. By contrast, HSCs
cocultured with S. japonicum eggs showed increased tran-
scriptional expression of CCL2, IL-6 and MMP-9, all of
which are proinflammatory mediators, suggesting that this146species has the ability to induce the proinflammatory phe-
notype of HSCs [74]. This indicates that both host and
parasite-derived factors influence the activation of HSCs.
The contrasting observations in S. mansoni and S. japoni-
cum may explain the differences in pathologies associated
between the two species.
Several studies have highlighted the role of chemokines
and their receptors in HSC migration and activation in
both acute and chronic liver disease [75,76]. Liver cell
populations such as HSCs, hepatocytes, Kupffer cells,
and sinuisoidal endothelial cells all secrete chemokines
in response to liver injury. These chemokines, in turn,
promote the infiltration of leukocytes to the liver [77,78].
Activated HSCs are capable of producing CCL2, CCL3,
CCL4, CXCL1, CXCL2, and CXCL10 following liver injury
[79]. Among these, CCL2 [70] and CXCL1 [60] showed
increased transcriptional levels during S. japonicum infec-
tion. CCL2 is reportedly involved in mediating HSC che-
motaxis in cholestactic liver disease [80]. CCR1, CXCR4,
and CXCR7 were all consistently highly expressed in HSCs
during the acute and chronic phase of schistosomiasis
Box 1. Unanswered questions of Schistosoma
haematobium-induced pathology
Despite the complexities associated with the underlying mechan-
isms of schistosome infection, the basic cellular and molecular
features driving Schistosoma mansoni- and Schistosoma japoni-
cum-induced immunopathology are becoming better understood.
However, information on the pathology associated with the other
less-studied species, S. haematobium, is still limited. With the
emerging evidence linking S. haematobium infection with the
development of squamous cell carcinoma of the bladder, extensive
efforts should be made to control progression of the disease caused
by this parasite. The current knowledge on S. haematobium
infection raises the following questions:
 Is the immunopathology caused by S. haematobium similar to
that due to S. mansoni and S. japonicum?
 Are there differences in the antigenic secretions of S. haemato-
bium eggs versus those of S. mansoni and S. japonicum?
 What are the carcinogenic components contained in S. haemato-
bium egg secretions? What are the associated mechanisms of
carcinogenesis?
 The granuloma induced by S. haematobium has a unique cellular
composition that is distinct from that induced by S. japonicum
[99]. What therefore is the molecular basis of this difference?
Determination of the S. haematobium genome and transcriptome
[100] has provided fundamental insight into the basic biology of this
parasite, and may facilitate future functional studies and improve
understanding of the host–parasite relationship. Proteome-based
comparisons to investigate the shared and distinct features of S.
mansoni, S. japonicum, and S. haematobium, as well as the
secreted egg components involved in initiation of granulofibrotic
pathology, will prove beneficial in this regard.
Review Trends in Parasitology March 2014, Vol. 30, No. 3japonica [81]. CXCL9 and CXCL10 suppressed the expres-
sion of fibrosis-associated genes in human HSCs stimu-
lated with S. japonicum egg antigens, suggesting an anti-
fibrotic role for these chemokines in schistosomiasis [81]. It
is thus of utmost importance to consider the activation of
HSCs and their local chemokine milieu in the injured liver
to aid the resolution of hepatic fibrosis.
Macrophages
Macrophages can be grouped into two major subsets based
on their effector function, designated as either ‘classically’
or ‘alternatively’ activated. Classically activated macro-
phages (CAMs) are induced upon stimulation with Th1-
associated cytokines such as IFN-g, TNF-a, or IL-12,
further promoting the hydrolysis of L-arginine into nitric
oxide (NO) and citrulline by the action of inducible nitric
oxide synthase (iNOS) [82]. Alternatively activated macro-
phages (AAMs) are produced upon stimulation with Th2-
associated cytokines, namely IL-4 and IL-13. Murine
AAMs express arginase-1 (Arg1), Ym-1, and Fizz-1/
RELM-a, which induce the conversion of L-arginine into
proline, an amino acid essential for the synthesis of col-
lagen [82,83].
Macrophages constitute 30% of S. mansoni egg-
induced liver granulomas [84], whereas information on
the population of macrophages in granulomas due to S.
japonicum is limited. Upon liver injury, liver-resident cells
such as HSCs, Kupffer cells, endothelial cells, and hepa-
tocytes actively secrete CCL2 that mediates the recruit-
ment of monocytes and macrophages via receptor CCR2.
These infiltrating macrophages are involved in the subse-
quent inflammation and removal of necrotic cells from the
liver [77,78,85]. Because egg deposition in the liver pro-
motes the development of a Th2 response, macrophages in
the schistosome-induced granulomas are postulated to be
of an alternatively activated phenotype. This hypothesis is
supported by the observed upregulation of AAM markers
such as Arg1, Ym-1, and Fizz-1 that are highly upregulated
during schistosome infection [86]. The manipulation of the
local cytokine environment, thus, could control the differ-
entiation of macrophages into either the classical or acti-
vated phenotype. The schistosome worm-derived product,
haemozoin, may play a role in the activation process of
AAMs though its interaction with the peroxisome prolif-
erator-activated receptors [87].
Apart from their role in collagen synthesis and fibrosis,
macrophages also possess immunoregulatory properties
during murine schistosome infections. Cheng and collea-
gues [88] found that the expression of Toll-like receptors
(TLRs), IFN, and major histocompatibility complex (MHC)
related genes of spleen-derived macrophages from S. japo-
nicum infection are suppressed after egg deposition begins
in the host. In addition, rapid metabolism of L-arginine (a
substrate required during the proliferation of T and B cells)
by AAMs results in the starvation of lymphocytes, and
indirectly limit Th2 responses [89]. This observation was
confirmed when macrophages with specific deletions of
Arg1 failed to inhibit in vitro T cell proliferation, and mice
deficient in Arg1-expressing macrophages showed
increased granulomatous pathology and liver fibrosis fol-
lowing S. mansoni infection [90], indicating a role forAAMs in limiting immune-mediated damage. Further-
more, a recent finding demonstrated that macrophages
have elevated gene expression and protein levels of IL-
13Ra2 in a S. japonicum infection [91]. IL-13Ra2, a puta-
tive decoy receptor that inhibits IL-13 signalling [22], also
plays an important role in the downmodulation of the
granulomatous response in S. mansoni infection because
IL-13Ra2-deficient mice developed more severe hepatic
fibrosis [92]. Thus, both the Arg1- and IL-13Ra2-expres-
sing macrophages may play a modulatory role in schisto-
some-induced fibrosis.
In addition to the role that AAMs play in suppressing
schistosome-induced fibrosis, there is emerging evidence
that macrophages are also involved in fibrotic resolution
[93]. Macrophage depletion during the recovery phases of
CCl4-induced liver fibrosis leads to impaired matrix degra-
dation [94] and reduced expression of matrix metallopro-
teinase 13 (MMP13) [95]. MMP13-deficient mice of this
disease model were later shown to have reduced fibrosis
resolution [95], indicating a role for MMP13 in the media-
tion of matrix protein resorption in the resolving liver, and
that macrophages are the main source of MMP13 secre-
tion. Moreover, macrophages produce MMP9 which
induces apoptosis of HSCs [96]. Macrophages in the chole-
static liver model were also shown to promote the influx of
neutrophils, another collagenase-producing cell, for the
degradation of matrix proteins [97]. Gene transcription
of AAM markers such as chitinase 3-like 3 (Chi3l3), resis-
tin-like g (Retnlg), and macrophage galactose-type C-type
lectin 1 (Mgl1) were upregulated in the core and periphery
of S. japonicum-induced hepatic granulomas [62], in a
similar pattern as the infiltrated neutrophil population
in the granulomatous lesion. This may suggest that147
Review Trends in Parasitology March 2014, Vol. 30, No. 3macrophages located at the periphery of granulomas have
matrix-degrading properties, and that they might also
promote the recruitment of neutrophils to this location,
thereby leading to the remodelling of scar tissues.
Concluding remarks
The differing granulomatous pathology arising from
diverse schistosome species appears tightly connected to
the action of chemokines, which in turn control the migra-
tion of immune cells to the site of infection. The focus on
both the S. mansoni- and S. japonicum-induced patholo-
gies has advanced our understanding of the basic immu-
nopathogenic mechanisms of schistosomiasis. Additional
information on the other very important but less studied
species, S. haematobium, will be necessary to comprehend
fully the similarities or differences in pathology between
all of the clinically relevant schistosomes (Box 1). The
therapeutic potential of both the neutrophil- and macro-
phage-dependent resolution of schistosome-induced fibro-
sis should also be considered in the future because these
could serve as alternatives in fibrotic treatment, which,
ultimately, may lead to the reversal of fibrosis.
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ABSTRACT
The severity of schistosome egg-induced hepatic gran-
ulomatous pathology depends markedly on the nature
of the host immune responses. In this study, we used
LMM and microarray analysis to compare gene expres-
sion profiles of histologically distinct zones within, and
directly proximal to, hepatic granulomas that developed
in C57BL/6 mice infected with Schistosoma japonicum.
There was significant up-regulation of type-1, type-2,
and type-17 immune-associated genes within the gran-
uloma core (adjacent to eggs), followed by increased
expression of type-2 and fibrotic genes at the outer
zones of granulomas. Neutrophil-associated genes
were also found to be expressed differentially in the
core and at the peripheral zone of granulomas, present
at 7 weeks p.i., demonstrating a significant role of neu-
trophils in S. japonicum granulomatous pathology. The
release of NETs was observed microscopically in gran-
ulomas obtained from the livers of infected mice and
when human neutrophils were incubated in vitro in the
presence of S. japonicum eggs. These finding are the
first to suggest a novel, dual role for neutrophils in
the mediation of tissue damage and repair in S. japoni-
cum egg-induced hepatic granulomatous lesions. To-
gether, these results provide an overview of the local
events occurring within the granuloma microenviron-
ment. J. Leukoc. Biol. 94: 353–365; 2013.
Introduction
Schistosomiasis is a chronic parasitic helminth disease of hu-
mans. Caused by digenean trematodes of the genus Schisto-
soma, the disease affects 200 million people [1]. Infections
with different schistosome species leads to differing degrees of
pathology, with those caused by S. japonicum producing the
most severe form of hepatic disease, attributed primarily to the
high daily egg output of the adult parasites [2]. The eggs,
which lodge in the liver, initiate a granulomatous response
that eventually leads to chronic fibrosis. The overall fibrotic
process is regulated by a CD4 Th2 cell-dependent mecha-
nism and is tightly controlled by host intercellular signaling
mechanism, with IL-4 and IL-13 the main cytokines that drive
this dominant Th2 response [3].
In contrast to Schistosoma mansoni infection, neutrophils are
known to play a major role in the disease caused by S. japoni-
cum [4, 5], but their precise mechanistic role in promoting or
limiting hepatic pathology remains unclear. We have previ-
ously demonstrated that neutrophils are localized within the
core (adjacent to parasite eggs) and the periphery of mature
granulomas produced by S. japonicum [6]. Although we have
shown that neutrophils are associated not only with lesser pa-
thology in BALB/c compared with CBA mice [7], paradoxi-
cally, others have shown them to be associated with enhanced
hepatocyte damage [8]. These apparent contradictory findings
suggest that neutrophils may have multiple roles in schistoso-
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miasis japonica, depending on the time they are recruited and
their location within the granulomatous lesion.
Hepatic responses following schistosome egg deposition in
murine models are complicated and a study of immune re-
sponse using whole intact tissues or organs may not fully re-
flect the highly localized spatial and temporal pathophysiologi-
cal events that take place within the microenvironment of a
granuloma. To address this issue, we describe here the first
application of LMM in the transcriptional study of histologi-
cally distinct regions attributed to schistosome-induced granu-
lomas. LMM is a tool that enables the isolation of specific indi-
vidual cells or cell populations from histological sections with-
out the risk of contaminating the tissue sample with
surrounding, unwanted cells [9]. The extracted sample may be
subsequently subjected to downstream molecular applications,
such as genomic, transcriptomic, and proteomic analyses to
gain insight into molecular activity of tissue microenviron-
ments collected in situ. This will provide a better understand-
ing as to how in vivo egg antigens interact with the cell and
help dissect the mechanisms that regulate different aspects of
granuloma formation.
In this paper, LMM was used in conjunction with microarray
analysis to compare the gene expressional profile of zones
within and adjacent to hepatic granulomas as they form dur-
ing a S. japonicum infection in C57BL/6 mice. Our identifica-
tion of the key differentially expressed genes involved in this
process shed further light on the local molecular and cellular
events occurring within granulomas during the course of the
infection.
MATERIALS AND METHODS
Ethics statement
The conducts and procedures involving animal or human experiments
were approved by the Animals Ethics Committee (P288) or Human Re-
search Ethics Committee (P443) of the QIMR. For the collection of blood
from human donors, written, informed consent was obtained. This study
was performed in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Insti-
tutes of Health.
Sample preparation
Four- to 6-week-old female C57BL/6 mice were infected percutaneously
with 20  1 S. japonicum cercariae (Chinese mainland, Anhui population)
and killed at 4, 6, and 7 weeks p.i. to obtain their livers (n5/group) and
the portal vein perfused to obtain adult worms. Three additional mice were
used as uninfected controls. Livers were transferred immediately into Tis-
sue-Tek optimal cutting temperature compound, snapped frozen on dry
ice, and stored at 80°C until cryosectioned. A small lobe of the liver was
excised separately and fixed in 10% (v/v) formalin overnight at 4°C for the
processing of paraffin-embedded blocks for histopathology analysis.
Histopathology
Formalin-fixed, paraffin-embedded liver tissues from noninfected controls
and mice infected at 4, 6, and 7 weeks p.i. were sectioned and stained with
H&E to assess basic granuloma histopathology (Fig. 1). Leder staining was
performed to demonstrate neutrophil infiltration [7]. All slides were digi-
tized using the Aperio slide scanner (Aperio Technologies, Vista, CA,
USA). A rabbit polyclonal anti-mouse NE primary antibody (Abcam, Cam-
bridge, UK) and a secondary Alexa Fluor 594 goat anti-rabbit IgG antibody
(Life Technologies, Carlsbad, CA, USA) were used for the detection of NE
expression. Counterstaining with DAPI was used to visualize nuclear and
extracellular DNA. Similar histology was undertaken on liver tissue from a
S. mansoni infection [10].
LMM
Frozen sections (7 m) were mounted onto sterilized RNase-free, 0.17-mm,
polyethylene-naphthalene, membrane-covered slides (Carl Zeiss Microimag-
ing, Bernried, Germany) and stored at 80°C prior to microdissection.
Thawed cryosections were fixed in Carnoy’s fixative for 1 min, stained with
hematoxylin for 2 min, and quick-rinsed in DEPC-treated water, followed
by staining with 1% (w/v) Eosin Y for 1 min. The sections were then dehy-
drated sequentially in 70%, 95%, and 100% ethanol. A PALM MicroBeam
laser catapult microscope (Carl Zeiss Microimaging) was used to microdis-
sect the granulomas from the stained liver sections using a 40 microdis-
section objective lens. The CloseCut and AutoLPC mode in PALM Ro-
boSoftware 2.2.2 was used to laser-cut and catapult the selected tissues into
a 500-l opaque adhesive cap (Carl Zeiss Mircoimaging) for subsequent
processing. Caps containing the microdissected materials were stored at
80°C until used.
Microdissection strategy
Defined zones of granuloma growth were selected for microdissection,
based on comprehensive analysis of S. japonicum hepatic granuloma spatial
evolution in C57BL/6 mice. The early granulomas, present at 4 weeks p.i.,
were smaller and did not show specific zonal patterning; consequently, the
whole granuloma at this time-point was microdissected. The surrounding
liver tissues outside of the region of the granuloma, present at 4 weeks p.i.,
were microdissected separately to examine cell infiltration. Granulomas in
livers of mice euthanized at 6 and 7 weeks p.i. displayed typical patterns of
a core (Zone 1), consisting of tightly packed cells, surrounded by a band of
fibrogenic cells and collagen fibers (Zone 2). This layer was, in turn, sur-
Figure 1. Development of S. japonicum-
induced hepatic granulomas in C57BL/6
mice. Granulomas present at 4 weeks p.i.
(A) were immature and exhibited mini-
mal infiltration of lymphocytes and mac-
rophages with small numbers of neutro-
phils surrounding the eggs (arrows).
Granulomas present at 6 and 7 weeks p.i.
(B and C) were larger and were com-
posed of eggs, surrounded by a dense
population of neutrophils. This layer, in
turn, is rimmed by a population of lym-
phocytes and macrophages within a band of proliferating fibrovascular tissue. (C) At 7 weeks, there was an additional infiltration of cells at the
outermost margin of the granuloma, containing a generalized population of lymphocytes and plasma cells (arrow). Formalin-fixed, paraffin-em-
bedded liver sections stained with H&E; original scale bars, 100 m.
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rounded by an additional layer of infiltrative cells (Zone 3) at 7 weeks p.i.
An area of 8 million m2 was microdissected separately from each of
these defined zones. For control samples, the entire noninfected liver sec-
tion was microdissected, representing an area similar to that of microdis-
sected granulomas, thereby presenting the full transcriptional repertoire of
the uninfected liver. Experiments were carried out using multiple pooled
dissection samples from multiple liver sections of a single mouse liver, re-
peated separately from two mice for each time-point. Mice were selected
for each time-point based on similar parasitological parameters, such as
hepatic egg burden and granuloma volume density, as outlined previ-
ously [6].
Total RNA extraction
Total RNAs from all microdissected samples were extracted using Trizol
and a RNeasy Micro Kit (Qiagen, Valencia, CA, USA), following the manu-
facturer’s instructions. Total RNA quantity was measured using a Nano-
drop-1000 spectrophotometer, and RNA quality was assessed using an Agi-
lent bioanalyzer (Agilent Technologies, Foster City, CA, USA).
Microarray analysis
cRNA synthesis and whole genome microarray hybridization. cRNA was
synthesized from total RNA for each sample using Illumina Total Prep
RNA amplication kit (Ambion, Austin, TX, USA). Biotin-labeled cRNA was
hybridized to Illumina Mouse Ref-8 Version 2 whole genome expression
arrays, which were then scanned using an Illumina BeadStation (Illumina,
San Diego, CA, USA).
Feature extraction and data analysis. Quality control of microarray data
involved the checking of signal-intensity histograms of hybridization effi-
ciency and experimental noise using GenomeStudio (Illumina). All subse-
quent analysis was performed using GeneSpring GX Version 11, and ex-
pression data were normalized to the median of all samples. Gene lists
were first normalized to uninfected controls and filtered for a significant
signal based on the detection score of d  0.95 (which equates to a confi-
dence value of P0.05). One-way ANOVA with Benjamini-Hochberg cor-
rection for multiple testing was then used to identify genes differentially
expressed (P0.05) over the entire time-course. A cutoff of twofold
changes in expression over time, in at least one of the samples, was applied
[6]. The filtered microarray data provided the basis for ranking genes de-
rived from fold changes and significance values. Gene ontology analysis was
then performed using GeneSpring.
DAVID analysis. DAVID functional analysis was used to identify biologi-
cal processes and molecular functions that were over-represented by the
differentially expressed genes [11]. Functional annotation clustering was
performed to identify biological processes and molecular functions that
share similar gene subsets (Supplemental Table 1) and the related KEGG
pathway generated (Supplemental Fig. 1).
Real-time PCR
cDNA was synthesized from total RNA using a Quantitect reverse transcrip-
tion kit (Qiagen), and cDNA concentrations were quantified using a Nano-
drop-1000 spectrophotometer. Real-time PCR was performed to validate a
subset of microarray data. Primers for quantitative RT-PCR were sourced
from the literature [6, 7, 12–14] or designed using Primer 3 software (Sup-
plemental Table 2). Real-time data were normalized to the housekeeping
gene, hypoxanthine phosphoribosyltranferase, as reported previously [15].
Real-time PCR was performed using SYBR Green master mix (Applied Bio-
systems, Warrington, UK) on a Corbett Rotor Gene 6000 (Corbett Life Sci-
ences, Concorde, Australia).
Statistical analyses
Statistical analysis of microarray data was performed using GeneSpring GX
Version 11, as described above. The correlation between the microarray
data and real-time PCR was determined using GraphPad Prism Version 5
[16]. The D’Agostino-Pearson omnibus normality test and the Shapiro-Wilk
normality test were used to assess the distribution of the data. As the data
did not fit to normal distributions, Spearman’s correlation was performed,
as reported previously [6, 17, 18].
Isolation of viable Schistosoma eggs
Four- to 6-week-old female Swiss mice were infected with 60 cercariae of S.
japonicum (Chinese mainland, Anhui population) or the Puerto Rican
strain of S. mansoni and killed at 7 weeks p.i. The eggs of both schistosome
species were isolated from infected livers, essentially as described previously
[19], and the only modification was the use of 250 m and 150 m sieves.
Isolated eggs were shown to be LPS-free by the Limulus amoebocyte lysate
(Pyrogent Plus single tests, 0.06 EU/ml) assay (Lonza, Basel, Switzerland)
and stored at 4°C until use.
Isolation of human neutrophils
Human neutrophils were isolated from the blood of healthy donors by den-
sity gradient centrifugation using EDTA as an anticoagulant [20]. Fresh
blood was gently layered on Polymorphprep (Axis-Shield, Norway) and cen-
trifuged at 500 g for 40 min at 20°C. The interphase layer containing neu-
trophils was removed and washed with 1 PBS. Following the complete
lysis of erythrocytes, the purified neutrophil population was resuspended
gently in 500 l RPMI medium containing 2% (v/v) heat-inactivated
plasma. Neutrophils were then counted using a hemocytometer. According
to the manufacturer’s protocol, a neutrophil isolation technique using
Polymorphprep solution usually contains 2–6% of contaminating erythro-
cytes; however, this method is proven to be effective for peripheral blood
neutrophil isolation, as it would provide at least a 94% purified level of the
neutrophil population [21].
NET visualization
The stimulation of NET formation by activated neutrophils was performed
as described [22]. Neutrophils were seeded onto round glass coverslips in
24-well tissue-culture plates at a concentration of 2  105 cells/well. Cells
were incubated for 1 h at 37°C in 5% CO2 to allow the cells to adhere
onto the coverslip. Cells were then incubated for 4 h at 37°C in 5% CO2 in
the presence of 600 nM PMA as positive control, 500 S. japonicum eggs, 500
S. mansoni eggs, or glass beads that mimic the size of schistosome eggs (50–
100 m). Cells were subsequently fixed with 4% (w/v) PFA in PBS for 15
min, washed 3 (5 min each) with PBS, and blocked with 2% (w/v) BSA
solution. The cells were then incubated with a rabbit polyclonal anti-hu-
man NE primary antibody (1:100 dilution; Abcam), followed by incubation
with a secondary Alexa Fluor 594 goat anti-rabbit IgG antibody (Life Tech-
nologies), each for 1 h at 37°C. Cells were then counterstained with DAPI
at a concentration of 1.5 g/ml (Vector Laboratories, Burlingame, CA,
USA) and visualized by fluorescent microscopy. This method was dupli-
cated using independent isolations of both schistosome eggs and human
neutrophils (from two individual donors).
Data access
All gene-expression data have been submitted to NCBI’s Gene Expression
Omnibus and are publicly available (Series Accession Number GSE 41941).
RESULTS
Parasitological observations
There were no significant differences in the number of adult
worms perfused from infected mice at any time-point. How-
ever, as expected, hepatic egg burden increased significantly
from 4 weeks p.i., as did the granuloma volume and the extent
of fibrosis determined by collagen staining, as we have shown
previously [6].
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Histopathology and LMM
To examine the molecular events within the hepatic granu-
loma microenvironment, we applied LMM to microdissect dis-
tinct regions of the granulomas. Those formed at 4 weeks p.i.
were small and exhibited minimal infiltration of lymphocytes
and macrophages with limited numbers of neutrophils sur-
rounding the eggs (Fig. 1A). As the granulomas, present at 4
weeks p.i., had not developed the zonal pattern typical of later
infections, these whole immature granulomas were microdis-
sected at this time-point (Fig. 2G, arrow). Furthermore, liver
tissue without the evidence of infiltrating cells outside the re-
gion of the granulomas at this time-point was as well microdis-
sected (Fig. 2G, arrowhead). At 6 and 7 weeks p.i. (Fig. 1B
and C), granulomas were larger and comprised two to three
distinct concentric zones, which were then microdissected sep-
arately for further analysis. These zones were characterized by
the central egg(s), surrounded by a dense population of neu-
trophils (Zone 1; Fig. 2B, H, D, and J), a population of lym-
phocytes and macrophages lying within a band of proliferating
fibrovascular tissue (Zone 2; Fig. 2C, I, E, and K), and at 7
weeks, an additional outer layer of cells at the periphery of the
granuloma, containing a generalized population of infiltrating
lymphocytes and plasma cells (Zone 3; Fig. 2F and L).
Microarray analysis
Microarray data filtration and functional annotation analysis.
Normalization and filtering on the basis of detection score re-
duced the 25,697 genes on the Illumina microarray to a data-
set of 9457 genes. Of these, 3708 genes showed a significant
change in expression over time with a twofold change in at
least one individual sample at each time-point (one-way
ANOVA; P0.05). Biological processes and molecular func-
tions associated with these gene lists are shown (Supplemental
Table 1). KEGG pathway analysis showed the involvement of
leukocyte transendothelial migration activity during the pro-
cess of liver inflammation (Supplemental Fig. 1). Biological
replicates used in this study showed a high correlation analysis
coefficient of 0.8–0.9 between samples, indicating minimal
transcriptional variation and similar pathological outcomes
(data not shown).
Early response involved in the initiation of granuloma for-
mation at 4 weeks p.i. Genes significantly up-regulated more
than twofold (P0.05) within the entire granuloma at 4 weeks
p.i. compared with uninfected liver included the type-2 chemo-
kine (CCL7), the fibrosis-associated genes MMP3 and MMP12,
and neutrophil ELA2 (see Tables 1–3), an enzyme secreted by
inflammatory neutrophils [23]. Expression of these genes
likely reflects the initiation of the hepatic granulomatous re-
sponse and the recruitment and infiltration of neutrophils and
macrophages as demonstrated by histology (Fig. 1A).
Genes differentially regulated within the core of granulomas
present at 6–7 weeks p.i. Consistent with the large population
of neutrophils within the core of granulomas at 6–7 weeks p.i.,
the majority of differentially up-regulated genes was associated
with acute inflammation, innate responses, and type-1, type-2,
and type-17 responses.
SAA3, a gene indicative of acute-phase inflammation, was
up-regulated significantly within the granuloma core at 6–7
weeks p.i. (Table 1). Type-1-associated genes TNF, IL-1,
CCL4, and CXCL2 also showed significant up-regulation over
time and exhibited the highest transcriptional level within the
core at 7 weeks p.i. (Table 1). These type-1 genes were up-
regulated significantly only within the core, with declining
gene expression toward the outer zones of granulomas.
A number of type-17-associated genes, including IL-1, IL-6,
IL-7R, and IL-23, were up-regulated to a significantly greater
extent compared with uninfected liver, particularly in the core
of granulomas over the course of infection (Table 1). CCL3, a
chemokine that induces type-2 responses [24], was also up-
regulated significantly in the core, showed increasing expres-
sion until 7 weeks p.i. (Table 1).
Genes differentially regulated in the outer zones of granulo-
mas present at 6–7 weeks p.i. (Zones 2 and 3; Fig. 2). Genes
differentially up-regulated at the outer zones of granulomas at
Figure 2. LMM of S. japonicum-induced hepatic granulomas from C57BL/6 mice. Representative liver sections stained with H&E before (upper;
A–F) and after microdissection (lower; G–L). (G) The microdissection of a whole immature granuloma (arrow) present at 4 weeks p.i. and the
surrounding liver tissue (arrowhead). (H and I) The microdissection of the core (H, Zone 1) and the outer layer (I, Zone 2) of granulomas pres-
ent at 6 weeks p.i. (J–L) The microdissection of the core (J, Zone 1), the middle zone (K, Zone 2), and the periphery zone (L, Zone 3) of granu-
lomas present at 7 weeks p.i. Original scale bars, 100 m.
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6–7 weeks p.i. were associated predominantly with type-2 re-
sponses and fibrogenesis. IL-33, CCL7, and CCL11, genes asso-
ciated with a type-2 response, showed increased expression to-
ward the outer zones of granulomas over the course of infec-
tion (Table 2).
Similarly, profibrotic genes (COL1A1, COL1A2, COL3A1,
COL4A1, COL4A2, COL5A1, and COL6A1); MMP2, MMP3,
MMP14, and MMP23; and TIMP1, TIMP2, and TIMP3 showed
significantly higher proportions of gene transcripts, especially
at the outer zones of granulomas present at 6–7 weeks p.i.,
peaking at 7 weeks p.i. Additional fibrotic genes, such as
CTGF, TGF-1, PDGF-, PDGF-, and the HSC marker ACTA2
were also increased significantly at the outer zones of granulo-
mas, present at 6–7 weeks p.i. (Table 2).
The peripheral zone (Zone 3) of granulomas at 7 weeks p.i.
was characterized by expression of neutrophil-associated genes
at similar or higher levels to that observed in the core (Zone 1)
of the same granulomas (Table 3). Among these, S100A8 and
S100A9, molecules specifically involved in inducing neutrophil
chemotaxis [25], demonstrated the greatest increase (200-fold) in
the core and at the peripheral zone, in the same neutrophil-rich
regions that we have shown previously by immunohistochemistry [6].
Expression of other neutrophil markers, (e.g., SLPi, LTF,
NGP, ELA2, and MMP9) was significantly higher at the periph-
ery (Zone 3) than in the core (Zone 1).
Down-regulated genes associated with metabolism. Genes
that were down-regulated in hepatic granulomas relative to the
uninfected controls over the course of the infection were associ-
ated predominantly with metabolic processes, including xenobi-
otic, sterol, fatty acid, and vitamin metabolism. Of the total of 66
cytochrome genes that exhibited decreased expression at 4–7
weeks p.i., 60 were down-regulated significantly (P0.05) across
all zones of the granulomas over time (data not shown).
The formation of NETs in S. japonicum egg-induced
hepatic granuloma
The detection of transcriptionally up-regulated key neutrophil genes
in the core (Zone 1) and at the periphery zone (Zone 3) of the
granulomas from our microarray analysis indicated that neutrophil
infiltration is a prominent feature within the developing granulomas
of S. japonicum. The recruitment at 7 weeks p.i. of neutrophils into
hepatic granulomas caused by S. mansoni and S. japonicum eggs was
examined using Leder staining. The staining pattern revealed the
localization of neutrophils within the core and at the peripheral
zone of S. japonicum egg-induced granulomas (Fig. 3A). Neutrophils
(at reduced numbers compared with S. japonicum) were only de-
tected at the periphery of S. mansoni-induced hepatic granulomas
but not within the core adjacent to the eggs (Fig. 3D). Furthermore,
as a result of the up-regulation of S100A8/A9, ELA2, and LTF—the
molecules associated with a phenotype involved in the production of
NETs (the extracellular DNA involved in pathogen trapping [22,
26]) within the granulomatous tissue—we performed NE immunola-
beling, together with DAPI staining, to determine if these infiltrated
neutrophils produced NETs in hepatic granulomas. This revealed
the colocalization of NE associated with the diffuse network of extra-
cellular DNA within the core of S. japonicum-induced hepatic granu-
lomas (Fig. 3I); there were no indications of any potential NET
structures present in the core of S. mansoni hepatic granulomas as a
result of the absence of neutrophils in this region (Fig. 3L). DAPI
staining of hepatic granulomas induced by S. mansoni showed only
the presence of discrete nuclear DNA in the core (Fig. 3L).
Human neutrophils from naïve humans produce
NETs in the presence of S. japonicum eggs
To confirm that the staining pattern observed within the de-
veloping granuloma was indicative of NETs, we performed an
TABLE 1. Key Up-Regulated Genes in the Core (Zone 1) of Hepatic Granulomas Present at 4, 6, and 7 Weeks p.i.
Relative expression
Probe ID
4 Weeks 6 Weeks 7 Weeks
Gene description Gra Sur Zone 1 Zone 2 Zone 1 Zone 2 Zone 3
Acute inflammatory genes
SAA3 1.5 1.6 48.3 27.5 147.1 74.5 4.8 ILMN_2772632
Type-1 genes
TNF 1.9 1.6 4.2 1.8 5.7 1.7 1.2 ILMN_2899863
IL-1 2.0 1.6 5.7 1.6 6.1 1.4 1.0 ILMN_1227018
CCL4 1.8 1.6 62.6 2.9 169.1 11.2 1.9 ILMN_1224472
ILMN_1223257
CXCL2 1.7 1.5 38.1 2.2 58.0 1.9 1.0 ILMN_2811154
Type-17 genes
IL-23 1.6 1.5 2.2 1.6 2.4 1.2 1.0 ILMN_2671320
IL-6 1.9 1.6 2.2 2.3 2.8 3.6 1.1 ILMN_1243601
IL-7R 1.7 1.6 4.0 2.0 6.1 3.0 1.8 ILMN_2680827
IL-1 1.4 1.4 34.6 4.8 63.0 8.3 2.4 ILMN_2777498
Type-2 genes
CCL3 1.8 1.5 25.6 2.0 42.0 3.6 1.4 ILMN_1253919
Macrophage marker
MMP12 2.3 1.6 11.4 4.7 30.0 9.7 1.8 ILMN_1250421
Expression values are presented as fold change relative to uninfected controls, and fold values 2.0 represent an up-regulated gene. Fold
changes were averaged for genes represented by two or more probes. Gra, Granuloma; Sur, surrounding cells.
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in vitro coculture assay with human neutrophils using eggs of
S. mansoni and S. japonicum and glass beads (as negative con-
trol). Fluorescence images of PMA (a known inducer of NET
formation)-stimulated neutrophils revealed the formation of
thin, elongated extracellular fibers colocalized with NE, originating
from neutrophils after 4-h incubation (Fig. 4C). Similarly, coculture
of neutrophils with viable S. japonicum eggs showed the release of
these extracellular DNA-containing fibers and their attachment to
TABLE 2. Up-Regulated Genes Detected in the Fibrotic Zone (Zone 2) of Hepatic Granulomas Present at 6 and 7 Weeks Versus 4 Weeks p.i.
Relative expression
Probe ID
4 Weeks 6 Weeks 7 Weeks
Gene description Gra Sur Zone 1 Zone 2 Zone 1 Zone 2 Zone 3
Type-2 genes
IL-33 1.6 1.2 1.8 4.6 3.7 9.4 2.1 ILMN_1259747
CCL7 2.2 1.7 6.3 6.5 7.1 29.1 1.8 ILMN_2835117
CCL11 1.9 1.5 2.6 3.5 1.9 16.8 1.4 ILMN_2647757
Fibrotic genes
COL1A1 1.8 1.4 1.7 14.2 2.5 28.3 4.6 ILMN_2687872
COL1A2 1.4 1.2 2.0 24.8 4.4 81.8 26.9 ILMN_1253806
COL3A1 1.0 1.0 1.6 18.3 4.2 51.4 20.7 ILMN_1258629
COL4A1 0.5 0.7 0.6 4.0 0.7 11.0 2.5 ILMN_2621643
COL4A2 0.8 0.9 0.9 3.8 1.0 10.9 3.2 ILMN_2822579
COL5A1 1.1 1.2 1.3 15.2 3.1 40.0 4.3 ILMN_2748402
COL6A1 0.8 1.1 0.7 5.3 0.8 9.9 6.6 ILMN_2768087
ILMN_1259388
MMP2 1.1 1.1 1.0 4.2 1.2 17.5 11.8 ILMN_2678218
MMP3 2.1 1.8 2.2 2.3 2.5 7.1 2.8 ILMN_2899041
MMP14 0.4 0.8 1.7 4.1 2.4 20.7 3.4 ILMN_1240726
MMP23 1.7 1.5 1.6 3.1 1.8 6.8 2.9 ILMN_1237364
TIMP1 1.9 1.5 11.2 49.4 35.1 115.9 3.5 ILMN_2769918
ILMN_3103896
TIMP2 0.5 0.6 0.5 1.6 0.6 8.2 4.7 ILMN_2712867
TIMP3 0.5 0.6 0.6 1.4 0.9 7.0 2.4 ILMN_2741096
ACTA2 1.3 1.5 1.4 6.9 2.9 22.4 3.4 ILMN_2923445
ILMN_2693895
CTGF 0.7 0.8 1.1 2.1 8.4 17.0 4.0 ILMN_2909150
TGF-1 1.3 1.3 1.9 2.0 1.8 2.8 1.4 ILMN_2711461
PDGF- 0.9 0.8 1.1 1.8 1.5 5.4 1.6 ILMN_2424721
PDGF- 1.54 1.41 1.64 3.57 2.15 6.26 2.55 ILMN_2618714
Expression values are presented as fold change relative to uninfected controls, and fold values 2.0 represent an up-regulated gene. Fold
changes were averaged for genes represented by two or more probes.
TABLE 3. Up-Regulated Neutrophil Markers in S. japonicum Induced Hepatic Granulomas Present at 4, 6, and 7 Weeks p.i.
Relative expression
Probe ID
4 Weeks 6 Weeks 7 Weeks
Neutrophil markers Gra Sur Zone 1 Zone 2 Zone 1 Zone 2 Zone 3
S100A8 1.2 1.2 130.9 33.5 249.1 29.5 250.7 ILMN_2710905
S100A9 1.6 1.4 95.3 19.0 182.7 14.9 207.1 ILMN_2803674
SLPi 1.8 1.6 29.2 6.6 67.2 11.2 210.1 ILMN_1256817
LTF 2.0 1.4 5.8 6.7 7.5 3.9 163.4 ILMN_2754364
NGP 1.9 1.6 3.2 2.4 3.1 1.5 24.3 ILMN_1228832
ELA2 2.1 1.6 2.1 2.4 2.0 1.4 11.0 ILMN_1221700
NCF1 1.8 1.6 2.5 1.9 2.6 1.9 2.2 ILMN_2829457
ILMN_1228585
NCF4 1.7 1.5 5.7 3.1 7.8 5.3 6.9 ILMN_2743013
MMP9 1.6 1.5 5.1 3.6 6.3 6.7 17.0 ILMN_2711075
LCN2 0.7 1.3 12.8 10.3 21.4 1.2 27.7 ILMN_2712075
IL-8R/CXCR2 1.9 1.7 4.2 2.4 3.9 1.6 5.9 ILMN_1223834
Expression values are presented as fold change relative to uninfected controls, and fold values 2.0 represent an up-regulated gene. Fold
changes were averaged for genes represented by two or more probes.
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the surface of the eggs that appeared to be trapped in a similar fash-
ion as previously described for bacterial infections (Fig. 4F). How-
ever, coincubation of neutrophils with the eggs of S. mansoni showed
no indication of NET formation (Fig. 4I), similar to that observed in
cocultures with glass beads (Fig. 4L). NETs were also not detected in
unstimulated neutrophils (Fig. 4O). All schistosome eggs were tested
and shown to be LPS-negative, thereby excluding the possibility of
bacterial contamination affecting the in vitro assays.
Real-time PCR validation
A subset of genes, representative of neutrophil infiltration (S100A8,
NGP); fibrosis (COL1A1, CTGF); and type-2 (CCL7, CCL11), type-1
(IL-1, TNF), and type-17 (IL-1, IL-7R) responses, was selected after
the microarray analysis for validation by real-time PCR (Fig. 5).
Genes involved in inflammation (SAA3, chitinase-3-like protein 3) and
metabolic activities (cytochrome P450 1A2) were also subjected to
validation (Supplemental Fig. 2). The expression levels obtained by
real-time PCR and microarray analysis correlated significantly (Spear-
man’s correlation, r0.86; P0.0001).
DISCUSSION
In this paper, we present the first comprehensive analysis of
the transcriptional events occurring within the hepatic granu-
Figure 3. Infiltration of neutrophils and the in vivo formation of potential NETs in S.
japonicum egg-induced hepatic granuloma at 7 weeks p.i. (A–C) Neutrophils were first
evident in the core of the granuloma adjacent to S. japonicum eggs (A1) and also at the
periphery (A2) of the granuloma shown by Leder staining. (B and C) The high-resolu-
tion image of the boxed areas in A1 (B) and A2 (C). The presence of neutrophils (cell
cytoplasm stained in red) is shown by arrows. (D–F) Leder staining of S. mansoni egg-
induced hepatic granuloma. (E and F) The high-resolution image of the boxed areas
in D1 (E) and D2 (F). Positively stained neutrophils were only detected at the periph-
ery (F) and not in the core (E) of the granuloma. (G–I) The diffuse patterns of extra-
cellular DNA, indicative of in vivo NET formation in the core of S. japonicum egg-
induced hepatic granuloma, are shown by DAPI stain (blue) for DNA (G) and NE im-
munolabeling (red; H). (I) The colocalization of NE (arrows) on the extracellular
DNA structures. An arrowhead shows an egg of S. japonicum.(J–L) NE was not detectable in the core region of S. mansoni egg-induced
hepatic granulomas, indicating the absence of neutrophils. DAPI staining revealed the structure of DNA in its cellular state. The char-
acteristic diffuse pattern of extracellular DNA was not evident. Arrowheads show eggs of S. japonicum. Original scale bars, 100 m. (M)
The number of neutrophils was significantly higher in S. japonicum-infected liver compared with S. mansoni-infected liver, determined
by Leder staining (Student’s t-test, ***P0.001). hpf, High-power field.
Chuah et al. Neutrophil and hepatic schistosomiasis
www.jleukbio.org Volume 94, August 2013 Journal of Leukocyte Biology 359
loma microenvironment during S. japonicum infection, using a
combination of LMM and transcriptomic approaches. Whereas
previous investigations have examined whole, intact tissue or
measured cytokines at the systemic level [3, 6, 7] to dissect the
pathobiology of the disease, it is likely that subtle and highly
localized cellular and molecular mechanisms may not have
been detected. The application of LMM, which has not been
used hitherto in this context, provides a unique perspective of
the granuloma microenvironment, thereby reducing the di-
verse transcriptional activity in the liver to sites and cells of
direct relevance to responses to the embolised parasite egg.
Granuloma development in schistosome-infected host is gen-
erally a response to a large, highly immunogenic structure
(egg), embolished in liver and driven by an IL-13 cytokine ex-
pression. Our results showed distinct zonal patterns of gene
expression occurring concurrently in the developing and re-
solving granuloma. The initial formation of granuloma starts
with the recruitment of neutrophils and macrophages to the
core (Zone 1) that initiates a mixed Th response, followed by
the activation of HSCs in synthesizing collagens at the outer
fibrogenic zone (Zone 2). As the type-2 response slowly domi-
nated at the outer zone at this stage, a second wave of neutro-
phils again infiltrated at the periphery zone (Zone 3) of the
granuloma, with a reparative role in resolving collagens. Our
unique LMM approach hereby leads to the revelation of differ-
ential responses occurring within the granuloma microenviron-
ment, with, particularly, the identification of a novel, dual role
for neutrophils in schistosome-induced granuloma, a new find-
ing not reported in this disease state.
Our data revealed that cellular features of the core (Zone 1)
include the rapid infiltration of neutrophils and macrophages
at 4 weeks p.i., as reflected by the up-regulation of genes en-
coding for these cells (ELA2 and MMP12), respectively. Our
finding suggests that these cell types play a major role in initi-
ating the innate and adaptive responses contributing to schis-
tosome-induced granulomatous pathology. As the disease pro-
gresses into 6–7 weeks p.i., the cells in the core were then en-
closed partially by the enshrouding fibrotic layer. At this later
stage, a range of cytokines reflective of type-1 and type-17 re-
sponses (e.g., IL-23, IL-1, IL-6, and IL-7R) was up-regulated in
Figure 4. The in vitro release
of NETs stimulated by differ-
ent stimuli. The release of
extracellular DNA fibers (ar-
rows) was detectable in PMA
(A–C)- and S. japonicum egg
(D–F)-stimulated neutrophils
after 4 h incubation as indi-
cated by DNA and NE stain-
ing (arrows). NETs were not detected in neutrophils stimulated by S. mansoni eggs (G–I) or by beads that mimic the size of a schisto-
some egg (J–L). Arrowheads refer to S. japonicum eggs (D–F), S. mansoni eggs (G–I), and beads (J–L), respectively. (M–O) Unstimu-
lated neutrophils. Original scale bars, 100 m.
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this region (Zone 1). A Th17 response has been linked re-
cently with the development of severe hepatic inflammation in
schistosomiasis [27, 28]. Shainheit and colleagues [27, 28] pro-
posed that in S. mansoni infection, IL-23 and IL-1 are key cy-
tokines that induce the production of IL-17, which in turn,
leads to a severe proinflammatory response. Wen and col-
leagues [29] reported that the immunization of mice with S.
japonicum-soluble egg antigens induced the production of
Th17 cells and that increasing levels of Th17 cell populations
correlated with the more severe pathology associated with S.
japonicum infection. It appears that these type-17 cytokines de-
tected in our study may play a similar effect onto causing in-
flammation and tissue damages in the core of granuloma.
Genes significantly up-regulated in the outer zones (Zones 2
and 3) of the granuloma at 6–7 weeks p.i. included many
type-2 and profibrogenic genes. HSCs are the primary source
of fibrillar collagen in schistosome-induced liver fibrosis [19,
30]. Furthermore, activated HSCs have been localized to the
outer zones of S. japonicum granulomas [6, 30]. In these same
regions, we demonstrated differential expression of activated
HSC markers (-smooth muscle actin, desmin, and vimentin), fur-
ther confirming the participation of HSCs in fibrogenesis.
In parallel, there was significant up-regulation of procolla-
gen (COL1A1, COL3A1, COL4A1, COL5A1, COL6A1) at the
outer fibrotic zone (Zone 2), consistent with the increased
staining for collagen shown in our previous study [6]. Our
data strongly demonstrate that the cytokines TGF-1 and
other HSC activators, such as CTGF and PDGF [19, 31],
were also up-regulated only at the outer fibrotic zone of
granuloma. HSCs were not in an activated state in the core
of granulomas, as schistosome egg secretions lead to the
inhibition of HSC activation [19]. Here, we see the inter-
play between egg-induced inhibition and host cell-induced
HSC activation producing a distinct partitioning of the pri-
mary fibrogenic cells and collagen deposition.
The expression-profile ratio of MMPs and TIMPs serves as
one of the most important factors determining the severity of
schistosomiasis and the subsequent fibrotic resolution [6, 7,
32]. We found differential expression of MMP2, -3, -14, and
-23 at the outer fibrotic zone (Zone 2) of granuloma at 6–7
weeks p.i., of which, MMP2 and -3 were reported previously in
S. mansoni-induced fibrosis [14, 32]. MMP23, although origi-
nally proposed to be expressed only in reproductive tissues
[33], was confirmed here to be expressed in the outer zones
of the S. japonicum granuloma, as our earlier data implicated
[6]. The precise role of MMP23 in fibrogenesis needs to be
determined. TIMP1 showed the highest expression with a 115-
fold increase detected at the outer fibrotic zone (Zone 2) at 7
Figure 5. Expression of key genes, representing neutrophil infiltration
(S100A8, NGP); fibrosis (COL1A1, CTGF); and type-2 (CCL7, CCL11),
type-1 (IL-1, TNF), and type-17 (IL-1, IL-7R) pathways, identified by
microarray analysis and validated by real-time PCR. Column bars repre-
sent gene expression by real-time PCR as copy number, whereas the
corresponding microarray expression level is written above each of the
bars. The expression levels obtained by both procedures correlated sig-
nificantly (Spearman’s correlation, r0.86; P0.0001). Data are pre-
sented as mean  sem. Gra, Granuloma; Sur, surrounding cells.
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weeks p.i. TIMP1 inhibits the action of most MMPs and has
increased expression during S. mansoni-induced fibrosis [14,
32]. The increased expression of MMP2 and MMP14, together
with a decrease in TIMP1, has been shown to enhance colla-
gen degradation and the resolution of cirrhotic liver disease
[34]. The higher gene expression of TIMP1 that we recorded
compared with all other MMPs in this study might be one of
the reasons that collagens are not degraded by MMPs, and fi-
brosis continues to persist, leading to the eventual formation
of granulomas in schistosomiasis.
Although not the case with S. mansoni, neutrophils have
been implicated as the predominant cell type in S. japonicum
hepatic granulomatous pathology [4, 5, 35]. Neutrophils are
thought to regulate S. japonicum-induced granuloma, as their
reduced numbers in hosts result in larger granuloma [36], a
feature supported by the previous findings from our group
using the clinically relevant, highly pathogenic Chinese strain
of S. japonicum [7]. In contrast, a study with the less virulent
Japanese laboratory-attenuated strain of S. japonicum in a
IL-4/IL-13/ KO model increased neutrophil recruitment,
which eventually led to more severe liver damage [8] but only
at 6 weeks p.i., as at 8 weeks p.i., there were no detectible dif-
ferences between WT and KO mice. Furthermore, the protec-
tive effect of neutrophils that we have reported previously [7]
was more evident at weeks 7–9 p.i.
A major feature of this and our previous report [6] was the
detection of neutrophils and neutrophil-associated genes in
the core (Zone 1) as well as at the periphery (Zone 3) of ma-
ture granulomas at 6–7 weeks p.i., as evidenced by the enrich-
ment of transcripts for S100A8 and S100A9, proteins highly
expressed in neutrophils and involved in inducing neutrophil
migration [25]. Other than neutrophil-enriched molecules,
the proinflammatory type-1 cytokines TNF, IL-1, CCL4, and
CXCL2 and type-17 cytokines IL-23, IL-1, and IL-6 were also
up-regulated in the cores of 6–7 weeks granulomas, as men-
tioned earlier. Neutrophils are thus thought to be an impor-
tant source of these inflammatory cytokines within the granu-
loma [37, 38]. The abundance of these type-1 and 17 cyto-
kines in the core of hepatic granuloma at 6 –7 weeks p.i.
implicates the neutrophils in an effector function. Thus,
taken together, our data and those of other groups suggest
an important role for neutrophil-mediated cytokine synthe-
sis and its role in mediating inflammation in the core of the
granuloma.
It is important to understand why neutrophils are dominant
in two distinct zones of the granuloma and over a prolonged
time-course. Are the neutrophils at the periphery of the granu-
loma attracted by fresh leakage of egg antigen from the in-
creasingly fibrotic granuloma, or are they attracted by the
chemokines produced by host cells? At week 7, molecules
linked with neutrophil recruitment, including SLPi, LTF, NGP,
ELA2, and MMP9, demonstrated higher expression at the pe-
ripheral zone (Zone 3). This suggests that the neutrophils lo-
calized at the periphery of the granuloma have been attracted
by different chemokines and have distinct functions to those
in the core. One answer may lie in the elevated levels of LTF
in the peripheral zone. LTF is stored in the secondary granule
of neutrophils [26] and in humans and bovines, is known to
promote the contraction of collagen gels by fibroblasts in
vitro, reflecting the in vivo reorganization of the collagen ma-
trix during the wound-recovery process [39]. The high level
of LTF gene expression detected in the peripheral zone sug-
gests a role in collagen remodeling. This observation is fur-
ther borne out by elevated levels of NGPs, such as ELA2 and
MMP9 [40], molecules known to cleave different isoforms
of collagen and other ECM components [41, 42]. This po-
tential for remodeling may be counteracted by elevation of
SLPi, the main inhibitor of ELA2 [43], in neutrophils at the
peripheral zone. Inhibition of ELA2 is important, as the ex-
cess production of ELA2 has been shown to cause cell dam-
age during the acute phase of lung injury [44]. Thus, it ap-
pears that in S. japonicum-induced hepatic granuloma, SLPi
is more likely to be involved in the inhibition of excess
ELA2 secretion to minimize tissue damage rather than to
inhibit the collagen-degrading activity of this protease. It
appears therefore that neutrophils have two distinct roles in
the S. japonicum granuloma. First, the initial wave of neutro-
phils has an important role in chemoattraction and as im-
mune effectors. The additional infiltration of neutrophils at
the periphery of granuloma may therefore suggest a repair
function for neutrophils in promoting the resolution of fi-
brosis. Further studies are clearly required to elucidate the
precise mechanisms of action of peripheral neutrophil infil-
tration in the host wound-healing response to granuloma
formation as a result of S. japonicum eggs.
Our study has shown that neutrophils have an additional
role in response to the S. japonicum egg. It has been demon-
strated recently that neutrophils kill pathogens through the
release of extracellular fibers composed of decondensed
chromatin and histones, decorated with granule proteins
that bind and entrap the pathogens extracellularly [26].
Neutrophils are now well-known to trap and kill microbial
pathogens, including bacteria [26], fungi [45], and proto-
zoa [46], by releasing NETs, but this response has not been
reported in schistosome infections. Our data here indicate
that neutrophils are induced to form NETs around viable S.
japonicum eggs. This has been shown in the immunopathol-
ogy of hepatic granulomas in situ and in in vitro assays by
costaining for NE and DAPI, the standard method used in
similar studies of microbial pathogens [26]. In addition,
S100A8/A9, NGP, ELA2, LTF, and MMP9, all of which are
NET constituents [47, 48], as well showed increased gene
transcripts in the core of granulomas, correlating with the
proposed NETs visualized in this region. There is no indica-
tion that the eggs were killed by NETs during the 4-h in
vitro assay, as the intact nuclei of the schistosome embryos
within the eggs were clearly visible even after the eggs were
trapped (data not shown). Although NETs may not be in-
volved in killing the eggs directly, the antimicrobial proper-
ties of NETs [48] might have had restrictive effects on their
movement. We propose that our in vitro model of S. japoni-
cum egg-stimulated NET formation reflects the situation in
in vivo hepatic granuloma, although the exact mechanism
of NET generation requires further study.
Notably, there was no evidence for the formation of NETs
in the core of S. mansoni-induced hepatic granuloma or in
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coculture in vitro assays. Hepatic granulomas induced by S.
mansoni were reported previously to contain mainly eosino-
phils and mononuclear cells, with low numbers of neutro-
phils present compared with those of S. japonicum granulo-
mas where neutrophils are the predominant cells [4, 5].
These observations support our findings of an absence of
neutrophils and NETs in the core of S. mansoni granulomas.
The ability of S. japonicum eggs to induce NET formation, in
contrast to S. mansoni, is likely to be a result of the presence
of neutrophil chemotactic factors in the egg antigens of S.
japonicum [49]. This hypothesis should be investigated fur-
ther, by means of comparative proteomic approaches, to
discover the differences in the secreted egg antigens be-
tween these two schistosome species that lead to differing
responses and outcomes.
In summary, we present here the first detailed description of
the major cellular and molecular events occurring within the
specific microenvironment of S. japonicum egg-induced hepatic
granulomas. Our results show that the cellular recruitment
toward each specific zone of the granulomatous tissue is tightly
regulated temporally and spatially, with neutrophils playing a
dual role in the regulation of hepatic granuloma formation.
The early recruitment of neutrophils to the core of granulo-
mas in response to S. japonicum egg antigens leads to a neutro-
phil-mediated inflammatory response, which ultimately causes
tissue damage. We propose that the subsequent infiltration of
neutrophils at the periphery of the granuloma may be respon-
sible for reabsorbing excess ECM products deposited by acti-
vated HSCs, leading to the remodeling of granulomatous tis-
sue and the regression of fibrosis (Fig. 6). Furthermore, the in
vivo release of NETs in the core of S. japonicum granuloma
leads to the initial trapping and containment of the eggs. We
propose, therefore, that neutrophils play an important dual
role during the progression of disease caused by S. japonicum
and possibly the granulofibrotic pathology associated with
other liver-related diseases. Future consideration should be
Figure 6. Summary of the major cellular and molecular events occurring during S. japonicum-induced hepatic granuloma development. Granuloma-
tous pathology begins when the eggs release a neutrophil chemotactic factor [49] that leads to the recruitment of neutrophils toward the site of
egg lodgement. These neutrophils, in turn, produce an array of proinflammatory cytokines and chemokines and initiate inflammation in the core
(Zone 1) of granuloma. Neutrophils at this stage also release NETs to trap the eggs. In response to tissue injury, HSCs are then activated to pro-
duce ECM components to induce fibrotic responses that contribute to the formation of an extra fibrotic zone (Zone 2). Neutrophils are again re-
cruited and accumulate at the periphery of the granuloma (Zone 3) at a later stage and release a number of granule proteins involved in collagen
degradation and reabsorption, leading to remodeling of the damaged tissues and modulation of host granulomatous pathology.
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given to the use of KO mice lacking neutrophil genes to deter-
mine whether neutrophils modulate a protective effect in S.
japonicum-induced granulomatous pathology, so as to deter-
mine whether new therapeutic approaches, stimulating neutro-
phil-mediated control of this and other fibrotic diseases, are
feasible.
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Summary
Neutrophils contribute to the pathological pro-
cesses of a number of inflammatory disorders,
including rheumatoid arthritis, sepsis and cystic
fibrosis. Neutrophils also play prominent roles in
schistosomiasis japonica liver fibrosis, being
central mediators of inflammation following granu-
loma formation. In this study, we investigated the
interaction between Schistosoma japonicum eggs
and neutrophils, and the effect of eggs on the
inflammatory phenotype of neutrophils. Our
results showed significant upregulated expression
of pro-inflammatory cytokines (IL-1α, IL-1β and
IL-8) and chemokines (CCL3, CCL4 and CXCL2) in
neutrophils after 4 h in vitro stimulation with S.
japonicum eggs. Furthermore, mitochondrial DNA
was released by stimulated neutrophils, and
induced the production of matrix metalloproteinase
9 (MMP-9), a protease involved in inflammation and
associated tissue destruction. We also found
that intact live eggs and isolated soluble egg
antigen (SEA) triggered the release of neutrophil
extracellular traps (NETs), but, unlike those
reported in bacterial or fungal infection, NETs did
not kill schistosome eggs in vitro. Together these
show that S. japonicum eggs can induce the inflam-
matory phenotype of neutrophils, and further our
understanding of the host–parasite interplay that
takes place within the in vivo microenvironment of
schistosome-induced granuloma. These findings
represent novel findings in a metazoan parasite,
and confirm characteristics of NETs that have until
now, only been observed in response to protozoan
pathogens.
Introduction
Neutrophils are the first cell type to arrive at sites of
inflammation (Nathan, 2006). These cells play a crucial
role in the development of innate immune responses
(Nathan, 2006); however, they can also contribute to host
tissue damage by secreting proteases or cytotoxic media-
tors such as reactive oxygen species (Cascao et al.,
2010). Neutrophils also contribute to the elimination of
pathogens via phagocytosis, degranulation or the genera-
tion of neutrophil extracellular traps (NETs) (Brinkmann
et al., 2004; Kolaczkowska and Kubes, 2013).
Several diseases, including cystic fibrosis (Hayes et al.,
2011), rheumatoid arthritis (Cascao et al., 2010) and
sepsis (Drifte et al., 2013) are characterized by
neutrophil-dominated inflammation. Schistosomiasis, a
chronic helminth disease of humans caused by digenetic
trematode parasites of the genus Schistosoma, is the
second most prevalent parasitic disease after malaria
(Smith and Christie, 1986). Eggs deposited by the adult
parasite pair, which are trapped in the liver, induce the
formation of granulomas, which leads to the onset of
extensive hepatic fibrosis (Pearce and MacDonald, 2002;
Burke et al., 2009; Chuah et al., 2014). During a
Schistosoma japonicum infection, the granulomas formed
contain a higher ratio of neutrophils and more acute
inflammation as compared with the granulomas induced
by Schistosoma mansoni, which are composed predomi-
nantly of eosinophils (Meleney et al., 1953; Hsu et al.,
1972; Von Lichtenberg et al., 1973). We have shown that
neutrophils, as characterized by Leder staining (Burke
et al., 2010; Perry et al., 2011) and expression of
neutrophil chemoattractant S100A8 (Burke et al., 2010;
Seki et al., 2012), localize to the core of hepatic
granuloma induced by S. japonicum eggs, where they
were shown to be associated with the secretion of
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pro-inflammatory cytokines such as IL-1α, IL-1β, IL-6,
IL-23α, TNF, CCL3, CCL4, CXCL1 and CXCL2, which
contribute to local inflammation (Chuah et al., 2013). A
recent study has shown that the S. japonicum egg-specific
protein SjE16.7 specifically recruits neutrophils in vivo and
initiates hepatic granuloma formation (Wu et al., 2014).
In view of the importance of neutrophils in inflammation
during S. japonicum infection, this article builds on our
previous findings that demonstrate a role for neutrophils in
tissue damage and inflammation (Chuah et al., 2013;
2014). Here, we further characterize the biology of
neutrophils in respect to their interactions with S.
japonicum eggs to determine the link between the para-
site eggs and the mechanisms involved in the induction of
an inflammatory response, which may directly reflect the
in vivo situation regards granuloma formation in schisto-
somiasis japonica.
Results
NETs formation
Human neutrophils stimulated with S. japonicum eggs
induce the in vitro formation of NETs (Chuah et al., 2013).
To determine which broad components elicite NETs,
whole eggs (including insoluble components) and differ-
ent egg fractions – whole soluble protein (SEA) and
excreted/secreted (ES) soluble proteins – were isolated
and incubated with human neutrophils. Human neutro-
phils co-cultured with PMA (positive control), whole S.
japonicum eggs, SEA and egg ES proteins at various time
points, were stained with DAPI to assess the release of
NETs. Thin, elongated extracellular fibres originating from
neutrophils were detected after 4 h incubation with PMA
(Fig. 1B), eggs (Fig. 1E) and SEA (Fig. 1H). NETs were
also observed to form in overnight cultures of PMA
(Fig. 1C), eggs (Fig. 1F) and SEA (Fig. 1I). The release of
NETs was not observed when neutrophils were
co-cultured with egg ES proteins (Fig. 1J–L). Neutrophils
stimulated for 1 h remained intact (Fig. 1A, D and G), and
had comparable morphology to unstimulated neutrophils
(Fig. 1M–O). Since egg ES did not stimulate NET release,
this treatment regime was not further investigated.
Pro-inflammatory cytokine and chemokine expression
in neutrophils
To examine the expression of pro-inflammatory cytokines
and chemokines in neutrophils stimulated with PMA, S.
japonicum eggs and SEA, real-time PCR was performed.
Whole egg-treated neutrophils showed a significant
increase in the gene expression of pro-inflammatory
cytokines (IL-1α, IL-1β and IL-8) at 4 h as compared with
unstimulated neutrophils at the same time point (Fig. 2A,
B and C). The expression of IL-1α was the highest
(33-fold) followed by IL-8 (14-fold) and IL-1β (4-fold).
Furthermore, the expression of both IL-1α and IL-1β in
egg-treated neutrophils at 4 h was significantly higher
than in PMA-treated neutrophils, indicating that S.
japonicum eggs are a more potent stimulator of the
inflammatory potential of neutrophils than PMA.
Similarly, expression of the pro-inflammatory chemo-
kines CCL3, CCL4 and CXCL2 at 4 h was significantly
higher in egg-treated neutrophils compared with
unstimulated neutrophils, reaching approximately four- to
five fold increase after 4 h incubation (Fig. 2D, E and F).
In contrast, there was no significant difference in the level
of these cytokines and chemokines in SEA-stimulated
neutrophils compared with unstimulated controls. No
amplification was observed when primers were tested
against S. japonicum egg cDNA indicating that these
cytokines and chemokines were expressed by neutrophils
(data not shown).
Detection of nuclear and mitochondrial DNA content
As NETs are composed of DNA, PCR was performed to
determine the presence of DNA in the supernatant of
PMA-, egg- and SEA-stimulated neutrophils, by amplifying
both nuclear (GAPDH) and mitochondrial (CO1) genes
(Fig. 3). The level of GAPDH in egg-treated media peaked
at 4 h and was significantly higher when compared with
both PMA-treated and unstimulated media. The level of
CO1 in egg-treated media, in contrast, peaked at 1 h, and
was significantly higher (P < 0.01) compared with the cor-
responding time points of unstimulated control. Together
these results indicate that both nuclear and mitochondrial
DNA was released by neutrophils upon stimulation with S.
japonicum eggs, mirroring that observed in PMA stimu-
lated cells. No detectable amplification was observed
when the primers for GAPDH and CO1 were tested against
S. japonicum egg cDNA (data not shown).
MMP-9 production
Haemorrhagic shock-induced trauma causes the release
of mitochondrial DNA that can activate the inflammatory
phenotype of neutrophils characterized by the release of
MMP-9 (Zhang et al., 2010). MMP-9 is stored in the gran-
ules of neutrophils and is released during inflammation
(Xu et al., 2011). To determine if the release of
mitochondrial DNA by egg-treated neutrophils coincided
with the production of MMP-9, gelatin zymography assay
was performed. Both forms of MMP-9 with functional
gelatinase activity were detected in PMA-, egg- and SEA-
treated medium (Fig. 4A). There was no significant
change in the level of pro-MMP-9 in treated neutrophils
over time. However, the level of MMP-9 in egg-treated
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medium increased significantly when compared to the
corresponding time points of unstimulated controls
(Fig. 4B). These findings indicated that mitochondrial
DNA released by neutrophils upon stimulation has the
potential to activate the inflammatory phenotype of
neutrophils including the release of MMP-9.
The effect of NETs on Schistosoma eggs
As neutrophils release NETs in response to S. japonicum
eggs, the effect of NETs on eggs was determined by
measuring the hatchability of eggs following the formation
of NETs. Our results showed that NETs did not induce the
killing of schistosome eggs as the hatching rates of eggs
incubated with neutrophils stimulated either with or
without PMA did not differ significantly when compared to
eggs alone (no neutrophils control) (Fig. 5A). The health
of schistosome eggs was further supported by visualiza-
tion of nuclei of the miracidium within the eggs, even after
the eggs were trapped within a mesh of NETs (Fig. 5B).
Together these results suggest that NETs do not have an
immediate (overnight) killing effect on schistosome eggs.
Fig. 1. The in vitro release of NETs under different conditions. Extracellular fibres composed of DNA and histones were detected in PMA- (B
and C), S. japonicum egg- (E and F) and SEA- (H and I) stimulated neutrophils after 4 h (B, E and H) and overnight (C, F and I) incubation as
indicated by DAPI staining (arrows). Neutrophils at 1 h post stimulation remained intact (A, D and G). NETs were not detected in egg ES
protein-stimulated neutrophils (J–L) and in unstimulated neutrophils (M–O). Arrowhead in panel D–F indicates S. japonicum egg. Scale
bar = 100 μm.
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Discussion
We have previously shown that neutrophils localize to the
core of S. japonicum egg-induced hepatic granuloma
where they cause local inflammation and tissue damage
through the secretion of pro-inflammatory cytokines
(Chuah et al., 2013). Our current study further character-
izes the interplay between neutrophils and S. japonicum
eggs, and the molecular and cellular events that lead to
the induction of an inflammatory phenotype. We hypoth-
esize that neutrophils in contact with S. japonicum eggs
release NETs and exhibit increased mRNA expression of
key pro-inflammatory cytokines and chemokines (Fig. 6).
The inflammatory potential of neutrophils in this setting
was further emphasized by the production of MMP-9, a
protease produced during inflammation (Sorokin, 2010).
Fig. 2. Pro-inflammatory cytokines and chemokines level in neutrophils. The transcriptional level of cytokines (IL-1α, IL-1β and IL-8) in panel
A–C and chemokines (CCL3, CCL4 and CXCL2) in panel D–F in neutrophils post PMA-, S. japonicum egg- and SEA-stimulation were
measured by real-time PCR. Gene expression was presented as fold change relative to human housekeeping genes, β-actin. Data represent
mean ± SEM (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001). Asterisk symbols shown in the graph which represented values of significant
different referred only to groups/time points indicated. Other groups/time points which were also statistically different were not indicated in the
graph.
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These events may thus represent the in vivo situation of
hepatic granuloma induced during S. japonicum infection,
and they provide preliminary insights into possible mecha-
nisms by which acute inflammation is initiated in schisto-
somiasis through the innate immune response.
NETs are web-like structures composed of
decondensed chromatin and histones released by acti-
vated neutrophils. NETs are thought to be involved in
pathogen trapping, based on studies of various pathogens,
including bacterial (Brinkmann et al., 2004), fungal (Urban
Fig. 3. PCR of nuclear and mitochondrial
genes.
A. The DNA content in the culture supernatant
of PMA-, S. japonicum egg- and SEA-treated
neutrophils at various time points was
determined by amplifying nuclear
[Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)] and mitochondrial [cytochrome c
oxidase subunit 1 (CO1)] gene.
B. Bar diagram shows the intensity of both
GAPDH and CO1, as quantified using
ImageJ. Data were presented as mean ± SEM
(**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001).
Fig. 4. Matrix metalloproteinase activity of neutrophils as demonstrated by gelatine zymography.
A. Bands of pro MMP-9 and active MMP-9 were detected in PMA-, S. japonicum egg- and SEA-treated media at all time points. Collagenase
B from Clostridium histolyticum was used as a positive control.
B. Quantification of the intensity of pro MMP-9 and MMP-9 gelatinolytic activity. Data were presented as mean ± SEM (*P ≤ 0.05, **P ≤ 0.01).
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et al., 2006), parasitic (Baker et al., 2008) and viral
(Wardini et al., 2010) infection; and more recently a role in
autoimmune disease (Hakkim et al., 2010), systemic infec-
tion (Phillipson and Kubes, 2011) and cancer
(Berger-Achituv et al., 2013) has been identified. The for-
mation of extracellular DNA fibres is not restricted to
neutrophils, since eosinophils (Yousefi et al., 2008), mast
cells (von Kockritz-Blickwede et al., 2008) and
macrophages (Wong and Jacobs, 2013) have also been
reported to release extracellular traps. The process of
NETs formation is NADPH oxidase-dependent (Parker
et al., 2012), and NETs can be released through a
vesicular-mediated mechanism that usually occurs within
30–60 min post activation, or by cell lysis which requires at
least 3–4 h following stimulation, depending on the dose of
the activator (Phillipson and Kubes, 2011). We have previ-
ously reported the formation of NETs in response to a first
non-protozoan parasite, where NETs are released by
neutrophils resident in the core of S. japonicum-induced
hepatic granuloma (Chuah et al., 2013). Here, we found
that neutrophils stimulated by S. japonicum eggs in vitro
generated NETs 4 h post stimulation, suggesting that NETs
released in this context occurred via the cell lysis mecha-
nism. In addition, the presence of neutrophil nuclear DNA
was also detected in the culture supernatant of PMA-, egg-
and SEA-stimulated neutrophils, with the concentration
gradually increasing with time, further indicating the
release of NETs in this context. Although low levels of
nuclear DNA were also detected in the media of
unstimulated neutrophils, their expression was signifi-
cantly lower than those of egg-stimulated cells, and may
represent cell lysis under from the in vitro conditions used.
Our results also showed that the ES proteins secreted by
schistosome eggs did not induce the formation of NETs,
possibly indicating that NET-inducing factors are likely to
be on the surface of the egg and in soluble but not secreted
proteins. Previous studies have documented the abundant
presence of the Lewis X carbohydrate epitope on the
surface of S. mansoni eggs (Lejoly-Boisseau et al., 1999)
and, more recently, a host plasma glycoprotein, von
Willebrand factor (vWF), was shown to bind to the eggshell
of S. mansoni (Dewalick et al., 2014). However, these
components might not serve as factors stimulating NETs
release, as we have previously shown that the eggs of S.
mansoni failed to induce NETs (Chuah et al., 2013). Fur-
thermore, in contrast to the anti-pathogenic effect NETs
have on other disease states (Brinkmann et al., 2004), we
found that NETs do not kill schistosome eggs. Instead of
the immediate killing effect exerted by NET antimicrobial
proteins, NETs, released in response to schistosome eggs
in an active infection, might only immobilize or restrict the
movement of eggs.
Fig. 5. The hatching rate of S. japonicum eggs following NETs formation. (A) The hatching rate of eggs incubating with neutrophils and PMA,
of which after NETs formation (arrowed) were observed (B), did not differ significantly (P > 0.05) from the culture containing eggs (arrowhead)
only (C). Left: unhatched egg; right: hatched egg. Scale bar = 100 μm. Data were presented as mean ± SEM; ns, not significant.
6 C. Chuah et al.
© 2014 John Wiley & Sons Ltd, Cellular Microbiology
We postulate that, although NETs are not involved in
the killing of schistosome eggs, they might have an indi-
rect effect in causing inflammation and local damage
within the core of S. japonicum-induced hepatic granulo-
mas. NETs have been shown to exhibit inflammatory
effects by inducing the release of pro-inflammatory
cytokines from platelets (Keshari et al., 2012b) and it is
now recognized that neutrophils, following appropriate
stimulation, secrete a broad array of cytokines to orches-
trate inflammation during infection (Cassatella et al.,
1997; Mantovani et al., 2011; Mocsai, 2013). Previously
reported pro-inflammatory cytokines known to be
expressed by neutrophils include IL-1α, IL-1β, IL-8,
TNF-α, IL-6, IL-7, IL-9, IL-16, IL-17 and IL-18 (Cassatella
et al., 1997; Mantovani et al., 2011). In this study, we
found that IL-1α, IL-1β and IL-8 were produced by
neutrophils stimulated with S. japonicum eggs, which is
consistent with our previous findings showing the
upregulation of these cytokines in the neutrophil-rich core
of hepatic granuloma during schistosomiasis (Chuah
et al., 2013). Both IL-1β and IL-8 have been reported to be
involved in the enhanced release of NETs in patients
suffering from systemic inflammatory response syndrome
(Keshari et al., 2012a). IL-1β was also shown to be asso-
ciated with NETs formation in patients presenting with
gout (Mitroulis et al., 2011). IL-1β is also implicated in the
induction of mast cell extracellular trap formation (Lin
et al., 2011). Here, we show that SEA-induced NETs
release did not show an increased expression of IL-1β
and IL-8, contrasting with the release of NETs induced by
whole egg that showed increased gene expression of
these two cytokines. This observation suggests that the
mechanism of NETs formation driven by eggs, which con-
tributes to IL-1 and IL-8 signalling, comes from an inter-
action with an insoluble element or egg shell bound
component(s).
Additionally, we demonstrated a significant increase in
the transcription of the chemokines CCL3, CCL4 and
CXCL2 in egg-stimulated neutrophils. These chemokines
have been shown by others to be secreted by neutrophils
under in vitro and in vivo conditions (Cassatella et al.,
1997; Mantovani et al., 2011). Neutrophil-secreted CCL3
was reported to be involved in the recruitment of dendritic
cells (DC) in leishmaniasis (Charmoy et al., 2010). Fur-
thermore, in schistosomiasis, CCL3 has also been linked
to the formation of pulmonary granulomas (Lukacs et al.,
Fig. 6. Potential mechanisms of how neutrophils contribute to inflammation in schistosomiasis japonica. The insoluble factor of S. japonicum
eggs contribute to the upregulated expression of pro-inflammatory cytokines and chemokines in neutrophils. The release of mitochondrial DNA
from both the soluble and insoluble elements of eggs leads to the production of MMP-9, which has an inflammatory effect. Neutrophils
stimulated by the parasite eggs and SEA release NETs, may further promote the inflammatory response. This proposed in vitro model reflects
the initiation, and the processes leading to inflammation in vivo, which precedes the formation of granulomas in hepatic schistosomiasis.
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1993) and its level is increased in the plasma of patients
suffering from S. mansoni infection (Falcao et al., 2002).
CCL4, as well as CCL3, also serves as a potent monocyte
chemoattractant (Fischer et al., 2007; Cheung et al.,
2009; De Buck et al., 2013). Both CXCL2 and CCL3 are
also involved in the mediation of neutrophil recruitment to
the site of infection (Ramos et al., 2005; Bonville et al.,
2009; De Filippo et al., 2013). We have also previously
reported that the gene expression of CCL3, CCL4 and
CXCL2 is upregulated within the neutrophil rich cores of
S. japonicum-induced hepatic granulomas (Chuah et al.,
2013). Together these results suggest a role for these
chemokines in the induction of monocyte, DC and
neutrophil recruitment, and imply the migration of these
cells in the in vivo situation of schistosome egg hepatic
granuloma.
In addition to the production of cytokines and
chemokines, the release of MMP-9 by neutrophils further
enhances the inflammatory response in this current
system. It has been shown that mitochondrial DNA acti-
vates neutrophils to release MMP-8 and MMP-9 via toll-
like receptor 9 (TLR9), and that these metalloproteinases
in turn, induce the development of an inflammatory phe-
notype (Zhang et al., 2010). Neutrophils secrete MMP-9
following stimulation (Pugin et al., 1999) and MMP-9 has
been reported to be involved in several inflammatory
airway diseases (Vandooren et al., 2013). The role of
MMP-9 in inflammation could be observed with the
increased level of MMP-9 in the serum of asthmatic
patients (Hong et al., 2012) and those suffering chronic
obstructive pulmonary disease (Piesiak et al., 2011). In
addition, the serum level of MMP-9 also correlated with
the degree of inflammation in patients with chronic hepa-
titis C (Reif et al., 2005). Mitochondrial DNA also causes
in vivo hepatic inflammation during haemorrhagic shock
(Zhang et al., 2010). The presence of mitochondrial DNA
in the culture supernatants and the in vitro release of
MMP-9 by stimulated neutrophils could thus serve as an
indication of the occurrence of similar, at least partially
undesirable inflammation, which is clearly associated with
granuloma formation in hepatic schistosomiasis.
In summary, we present here an expanded understand-
ing of the interplay between neutrophils and S. japonicum
eggs. We have demonstrated key molecular and cellular
processes leading to the eventual development of an
inflammatory response which is associated with the ear-
liest stages of egg deposition. Our results show that S.
japonicum eggs are capable of inducing the upregulation
of pro-inflammatory cytokine expression in neutrophils
and are able to generate release of NET structures. The
significant release of mitochondrial DNA by neutrophils
leads to increased MMP-9 production which contributes to
the development of an inflammatory phenotype which
mirrors the in vivo situation of schistosome-induced
granuloma. Future experiments should consider the use
of NET-depleted mice (Meng et al., 2012) in order to
examine the cellular recruitment and activities that occur
in the absence of the NETs formation identified in this
study.
Many of our observation presented here confirm past
studies which have only focused on the formation of NETs
in response to bacterial pathogens (Brinkmann et al.,
2004). The current study builds significantly on our previ-
ous report of the first observation of NETs responding to a
non-protozoan pathogen, that is S. japonicum eggs in the
host liver (Chuah et al., 2013). We can now report that
many of the features of NET formation previously noted in
response to bacteria, are shared when human neutrophils
come into contact with S. japonicum eggs. Schistosomes
are a major metazoan pathogen of humans, and as the
central cause for pathology in over 200 million people,
deserve the most complete understanding of the immu-
nological responses that both limit and induce pathology.
Experimental procedures
Ethics statement
All animal and human studies were conducted with the approval
of the QIMR Berghofer Medical Research Institute Animal and
Human Ethics Committees under project numbers P288 and
P443.
Isolation of viable S. japonicum eggs
Four- to six-week-old female Swiss mice were infected with 60
S. japonicum cercariae (Chinese mainland, Anhui population)
and were euthanized at 7 weeks p.i. Eggs were obtained from
infected livers as previously described (Anthony et al., 2010).
Isolated eggs were shown to be lipopolysaccharide (LPS)-free by
the Limulus Amebocyte Lysate (LAL PYROGENT Plus Single
Tests 0.06 EU ml−1) assay (Lonza) and were stored at 4°C until
use.
Preparation of S. japonicum soluble egg antigen (SEA)
Isolated S. japonicum eggs were homogenized twice (5 mm
bead) using tissue lyser for 1 min each at 25 Hertz. The
homogenate was then checked under microscope to ensure
breakage of eggs. The homogenate was then subjected to cen-
trifugation at 10 000 g for 2 h at 4°C. The supernatant, which is
the SEA, was shown to be lipopolysaccharide (LPS)-free by the
Limulus Amebocyte Lysate (LAL PYROGENT Plus Single Tests
0.06 EU ml−1) assay and were stored at −20°C until required.
Excretory/secretory (ES) products of S. japonicum eggs
Isolated S. japonicum eggs were cultured in RPMI media in a
culture flask for 72 h at 37°C. The media containing egg excreted/
secreted (ES) proteins were collected after 3 days, and concen-
trated using Amicon Ultra-15 centrifugal filter units with 3 kDa
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molecular weight cut-off (Merck Millipore). Five times cold
acetone were added to the concentrated ES proteins and kept at
−20°C overnight. The protein lysate was then subjected to cen-
trifugation at 4000 r.p.m. for 30 min at 4°C. The pellet was dried,
re-suspended in PBS and stored at −80°C until required.
Isolation of neutrophils from human blood
Human neutrophils were isolated from the blood of healthy
donors by density gradient centrifugation using the
PolyMorphPrep kit (Axis-Shield) following manufacturer’s instruc-
tions and as previously described (Buchanan et al., 2006;
Hollands et al., 2008). Fresh blood was gently layered on
PolymorphPrep and centrifuged at 500 g for 40 min at 20°C. The
interphase layer containing neutrophils was removed and
washed with 1× PBS. Following the complete lysis of erythro-
cytes, the purified neutrophil population was resuspended gently
in 500 μl RPMI medium containing 2% (v/v) heat-inactivated
plasma. Neutrophils were then counted using a haemocytometer.
Assessment of NETs formation
The stimulation of NETs formation by activated neutrophils was
performed as previously described (Brinkmann et al., 2010).
Neutrophils were seeded onto round glass coverslips in 24-well
tissue culture plates at a concentration of 2 × 105 cells per well.
Cells were incubated for 1 h at 37°C in 5% CO2 to allow the cells
to adhere onto the coverslip. Cells then underwent 1 h, 4 h or
overnight incubation, respectively, in 37°C, 5% CO2 incubator in
the presence of 600 nM Phorbol 12-myristate 13-acetate (PMA)
in RPMI (as positive control), 500 S. japonicum eggs, 50 μg ml−1
SEA or 50 μg ml−1 egg ES proteins. Cells were subsequently
fixed with 4% (w/v) paraformaldehyde in PBS for 15 min and
washed 3× with PBS, 5 min each, and then mounted onto glass
slide with 4′,6-diamidino-2-phenylindole (DAPI) at a concentra-
tion of 1.5 μg ml−1 (Vector Laboratories). Cells were then visual-
ized by fluorescent microscopy (Leica TCS). This method was
duplicated using independent isolations of both schistosome
eggs and human neutrophils (from two donors).
Cytokine expression analysis
Neutrophil populations stimulated with PMA, S. japonicum, or
SEA after 1 h, 4 h and overnight time point, were kept in
RNAprotect cell reagent (Qiagen) and stored at −80°C for RNA
extraction. The supernatants were also collected, and stored at
−80°C for genomic DNA purification and gelatin zymography.
Total RNA was isolated from cell pellets using RNeasy Mini kit
(Qiagen) following the manufacturer’s instructions and com-
plementary DNA (cDNA) was synthesized from total RNA using
a Quantitect Reverse Transcription kit (Qiagen). cDNA con-
centrations were then quantified using a Nanodrop-1000
spectrophotometer. Real-time PCR (qPCR) was performed to
quantify the gene expression level of a number of cytokines
(IL-1α, IL-1β and IL-8) and chemokines (CCL3, CCL4 and
CXCL2). Primers for qPCR were designed using Primer 3 soft-
ware (Supplementary Table S1) and the data were normalized to
the human housekeeping gene, β-actin (Keshari et al., 2012a).
Real-time PCR was performed using SYBR Green master mix
(Applied Biosystems) on a Corbett Rotor Gene 6000 (Corbett Life
Sciences).
PCR of nuclear and mitochondrial genes
Genomic DNA from the supernatants of PMA-, S. japonicum egg-
and SEA-stimulated neutrophils was isolated using the genomic
DNA purification kit (Thermo Scientific). The content of
extracellular DNA in the supernatant was determined by ampli-
fying nuclear (GAPDH) and mitochondrial (CO1) genes. The
quantification of band intensity was determined using ImageJ
analysis software (Rasband, 2005). Primer sequences used were
sourced from Keshari et al. (2012a).
Gelatin zymography
Supernatants collected were first concentrated using Amicon
Ultra-4 centrifugal filter units with 3 kDa molecular weight cut-off
(Merck Millipore) and total protein concentrations determined
using bicinchoninic acid (BCA) method. Proteins were separated
on pre-cast 10% Tris-Glycine gel with 0.1% gelatin as the sub-
strate (Life Technologies) under non-reducing condition. After
electrophoresis, gels were first incubated in renaturing buffer
[2.5% (v/v) Triton X-100] for 30 min at RT on a rotary shaker, and
this step was again repeated with the change of developing
buffer (50 mmol l−1 Tris, pH 7.5, 200 mmol l−1 NaCl, 4 mmol l−1
CaCl2 and 0.02% Brij-35). Fresh developing buffer was then
added to the gels and incubated at 37°C overnight, before the
gels were stained with Coomassie Blue. Areas indicative of
gelatinase activity were detected as clear bands against the blue
background. Matrix metalloproteinase bands were identified by
size by comparing to a standard protein marker, and the
Collagenase B from Clostridium histolyticum was used as the
positive control. Quantification of band intensity was determined
using ImageJ analysis software (Rasband, 2005).
NETs killing assay
A total of 500 freshly isolated S. japonicum egg were incubated
with 2 × 105 neutrophils per well, with or without PMA at 37°C
overnight, while negative controls consist only of 500 eggs. Cells
were stained with DAPI the next day to examine for the presence
of NETs. The hatching rate of eggs under each condition was
assessed (Gordon et al., 2012), by replacing the RPMI culture
media in each well with sterile conditioned water (free of dis-
solved calcium and magnesium), and left under a light source for
2 h for the hatching of eggs. Eggs settled down at the bottom of
the well were collected, and the numbers of hatched and
unhatched eggs were microscopically counted.
Statistical analysis
Data were presented as mean ± SEM. Statistical analyses of all
data were performed using two-way ANOVA as appropriate in
GraphPad Prism version 6.0 (GraphPad Software). Values of
P ≤ 0.05 were considered as statistically significant.
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